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One of the negative impacts of polluting activities on
aquatic ecosystems is the loss of its natural self-purification ability, for this reason, the purpose
of this research was to evaluate the Sinu River capacity to assimilate wastewater discharges.

Monitoring of several water quality parameters was carried out in the river at
different seasons and a numerical method was used to simulate different scenarios through
the Environmental Fluid Dynamics Code model. The model calibration process was tested
applying the Root Mean Square Error and after calibrating the model, scenarios of increase
and decrease of discharge concentrations and flows, and river flows were simulated. Finally,
the results were compared to water quality reference limits.

Results show that the model accurately represented the real conditions of the
studied river section for all the evaluated parameters. Also, assimilative capacity was affected
mostly by the scenario in which the river flow was decreased by 50%, and the flows and
discharges concentrations were increased five times; causing parameters such as ammonia
nitrogen, chemical oxygen demand, phosphates, and total nitrogen, to exceed the established
reference limits with maximum concentrations of 2.7 mg/L, 30.9mg/L, 0.98 mg/L and 6.3
mg/L; respectively. Higher concentrations of water quality parameters were mostly found
in the dry season since lower velocities and river flows promote less pollutants mixing and
dilution processes.

The model spatiotemporal simulations showed the effect of the wastewater
discharges on the Sinu River assimilative capacity and made it possible to find those scenarios
where water quality parameters exceeded the reference limits, becoming an essential tool for
water management and the development of strong water quality objectives by stakeholders
and environmental authorities.
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Water quality is an issue that has been gaining
importance for several years, mainly because water
pollution is gradually becoming a significant problem
in lakes and rivers (Yuceer and Coskun, 2016).
According to the 2018 wastewater report published
by the International Water Association (IWA), about
80% of all wastewaters is discharged into the world’s
waterways, where it creates health, environmental
and climate risks, which can lead to changes in their
assimilative capacity (AC). Knowledge of the impacts
that wastewater discharges generate on water
resources is essential for their proper management,
and hydrodynamic and water quality models are
essential tools for studying these impacts, generally
based on the assimilation capacity of water sources
(Villota-Lopez et al., 2021). Assimilative capacity
refers to the natural ability of water bodies to self-
purify and/or self-repair, either through dilution and/
or dispersion of wastes and pollution without harming
the aquatic environment. In addition, it can indicate
the maximum dynamic capacity of the number of
pollutants that can be accumulated, destroyed,
transformed and transferred beyond the volume of
the ecosystem without disturbing its normal activity,
that is, the controllable pollutant input for each
water flow in a river (Kulikova et al., 2018). A negative
impact of polluting activities on aquatic ecosystems
is the loss of its natural self-purification and/or self-
restoration ability, this translates in the decrease of
its assimilative capacity (Lee et al., 2017), since this
ability allows a natural treatment of wastewaters in
rivers (Egbe et al., 2018), it’s important to understand
through this research how the discharges’ flows
and concentrations affect Sinu River assimilative
capacity and under which conditions would the
capacity become ineffective. Assimilative capacity
can be determined through water quality studies
and modeling; these have been used as a tool for
assimilative capacity analysis in different water
bodies. Dehghani et al. (2020) considered a one-
dimensional pollutant transport model to calculate
the assimilative capacity of a river. Hashemi et
al. (2017) also implemented a one-dimensional
model using two objective functions (pollutant
concentrations and the distance the pollutants are
in contact with the river water) to determine the
assimilative capacity and dilution flux; finding that the
variation of river flow in different seasons can change
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the assimilative capacity by up to 97%. Obin et al.
(2021) applied the WASP model to calculate the water
environmental capacity of the Lushui River (China) in
normal, wet, and dry periods and Cely-Calixto et al.
(2021) simulated water quality parameters of the
Magdalena River (Colombia) with the mathematical
model QUAL2K showing the river’s tendency to be
purified due to its great flow. Most common methods
for assimilative capacity analysis include the design
of monitoring programs in water bodies that involve
statistical analysis of river and discharge flows with
water quality parameters concentration and water
quality simulation model configuration to estimate
assimilative capacity (Gurjar and Tare, 2019; Quinn et
al., 2021). Another common method is the simulation
of scenarios in which specific water quality limits are
exceeded (Novo, 2017; Villota-Lopez et al., 2021);
this method, implementing a two-dimensional
hydrodynamic and water quality model, was mainly
considered in this research as it can be a starting
point to develop strong water quality objectives that
can be fundamental in water resource management.
According to the Environmental Diagnosis of the Sinu
River Basin published in 2004 by the Environmental
Authority: Regional Autonomous Corporation of
the Sind and San Jorge Valleys (CVS), domestic
wastewater generated in the population centers
has been identified as the main source of water
pollution in the Sind River basin. Although the natural
conditions have changed due to anthropic action,
the Sinu River self-purification capacity is able to
recover acceptable quality levels for biota, but,
due to the accelerated economic and demographic
growth of the population, it is necessary to carry out
more current studies on the dynamics of wastewater
discharges into the river (CVS, 2004). Feria et al. 2017
simulated Sinu River water quality applying Streeter
and Phelps model to determine its deoxygenation and
re-aeration rates, however, there aren’t assimilative
capacity studies of this river, which is the third most
important river in Colombia’s Caribbean region.
This study aims to assess the Sinu River capacity to
assimilate wastewater discharges and its effects on
this ability, analyzing through hydrodynamic and
water quality modeling a section of the Sinu River,
Colombia. This study has been carried out in a section
of 11.06 km of the Sinu River, Monteria City, Colombia
using information from four monitoring campaigns in
2019.



Description of the study area

Sind River is the main water source in the
Department of Cérdoba and the third most important
in Colombia on its Caribbean slope. It is born in the
Nudo de Paramillo in the municipality of Ituango,
Antioquia, and flows into the Caribbean Sea in the
Tinajones delta area of San Bernardo del Viento,
Cérdoba. It has an extension of 437.97 km and
about 13952 km? of watershed (CVS, 2004). In its
course through the department of Cérdoba, the Sinu
River irrigates 16 municipalities, among which is the
departmental capital, the city of Monteria, which is
crossed by the river in its middle reaches, where it
becomes meandering with an alluvial plain composed
of flood plains, with an average temperature of
27.17 °C (Valbuena, 2017). Monteria’s total annual
average rainfall is 1262 mm. The dry period goes
from the beginning of December until mid- or late
April. The wet period begins in May and ends in early
December, with a tendency of decreasing rainfall
in July and August (transition period); most of the
rain falls in September, October, and November. The
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selected section of the Sinu River for this study has
an extension of approximately 11.06 km, is located in
Monteria city (Colombia), and includes the route from
Sierra Chiquita (8°44’11.16”N and 75°54’35.08”W)
to the University of Coérdoba (8°4727.08”N and
75°51’47.10”W), as shown in Fig. 1. Along the study
section, the Sinu River receives continuous discharges
of domestic wastewater from communities settled
along its banks, most of which are not authorized
by the competent environmental authority. It also
receives discharges from other informal activities
(vehicle washing, among others) and authorized
discharges from the treatment plants of Monteria
city (WWTP Northeastern and WWTP Southwestern).

Data collection

Information on hydrodynamicand climatic variables
(flow rates, levels, precipitation, solar radiation, air
temperature, wind speed and direction, and relative
humidity) was downloaded from the Hydrology and
Meteorology Data Management Information System
(DHIME) developed by the Institute of Hydrology,
Meteorology and Environmental Studies (IDEAM)
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Fig. 1: Geographic location of the study area and sampling locations in the Sinu River section through Monteria city, Colombia
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from the following stations:

1) Monteria - Automatic (Aut) Station [13067020,
Hydrological]: 8°45’05.8”N - 75°53’32.7"W.

2) Los Garzones Airport Station [13035501,
Meteorological]: 8°49’33.0”N - 75°49°30.5”W.

In addition, the CVS provided information on
the abstraction points (flow rates granted) and
discharge points (flow rates and physicochemical
characterization) within the study reach.

Water samples were collected during four
monitoring campaigns in 2019 (March 18™, July 18™,
September 25% and October 31%), for four points
established along the study section (Fig. 1), collecting
a total of 16 samples to obtain water quality data
of the river and be able to carry out the model’s
calibration. Each point was defined considering
the IDEAM (2017) Water Monitoring Protocol and
was duly georeferenced with a Garmin GPS 60CSx.
Temperature (T) and dissolved oxygen (DO) were
measured in situ using a HANNAH Multiparameter
Probe (model HI-929829), while water samples
were studied taking into consideration the general
techniques and preservation of sampling of the NTC-
ISO 5667 for laboratory analysis of total nitrogen
(TN) [SM 4500-Norg B; 4500-NH3 C], ammonia
nitrogen (NH3-N) [SM 4500-NH3 B; SM 4500-NH3 C],
phosphates (PO4-P) [SM 4500-P E], chemical oxygen
demand (COD) [SM 5220 C] and total suspended
solids (TSS) [SM 2540 D]. Furthermore, a monitoring
campaign was carried out in May 2019 where depth
data were taken along the study section to generate
the river bathymetry utilizing a Garmin ECHOMAP
73sv bathymetric depth sounder.

Numerical model description

Initially developed at the Virginia Institute of
Marine Science (VIMS) and subsequently sponsored
by the United States Environmental Protection
Agency (US EPA) and the National Oceanic and
Atmospheric Administration (NOAA) Sea Grant
Program, the Environmental Fluid Dynamics Code
(EFDC) is a multifunctional surface water modeling
system that can be used to simulate aquatic systems
in one, two and three dimensions and includes
hydrodynamic components, sediment contaminants
and eutrophication. It can also simulate the transport
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of water quality constituents in geometrically
and dynamically complex water bodies such as
rivers, stratified estuaries, lakes, and coastal seas.
It solves the motion (vertically hydrostatic) and
free surface equations, along with the continuity
and mass balance equations, i.e., with coupled
hydrodynamics, salinity, temperature, sediment, and
contaminant transport modules. It also allows drying
and wetting in shallow areas employing a massive
conservation scheme (Torres-Bejarano et al., 2016;
Ramos, 2018). Yiping et al. (2011) used it to study
the impacts of water transfer on the transport of
dissolved substances in Taihu Lake using the water
age concept. Kim et al. (2017) used it to model algal
bloom occurrence atterns in the lower part of this
Han River to understand algal dynamics to better
develop management alternatives. And Villota-Lopez
et al. (2021), to estimate the assimilative capacity
of the Gallinas River. The water quality simulations
and assimilative capacity was evaluated using the
EFDC Explorer 10.2.2 modeling system, a commercial
version of EFDC developed by DSI Company.

Hydrodynamics and water quality modules

EFDC Explorer applies hydrodynamic modeling
based on the turbulent equations of motion and
utilizing the Boussinesq approximation for variable
density (variable density is a strictly mandatory
analysis when dealing with equations for compressible
flow), resulting in the momentum Egs. 1 and 2, the
continuity equation, the state equation and the
transport equations for salinity and temperature,
solved integrally in 2D and 3D. For more detailed
information on these equations refer to DSI, (2020)
and Torres-Bejarano et. al. (2020).

The momentum equation in the x direction:
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The momentum equation in the y direction
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Where, u, v are the horizontal velocity components
inthe curvilinear coordinates; x, y are the orthogonal
curvilinear coordinates in the horizontal direction;
z is the sigma coordinate; t is time; m, m are the
square roots of the diagonal components of the
metric tensor; F,.. is the barotropic pressure;
H = h+{, Total depth, is the sum of depth and free
surface; p is the physical pressure in excess of the
reference density hydrostatic pressure; f is the
Coriolis parameter; A, is the horizontal momentum
and mass diffusivity; A is the vertical turbulent eddy
viscosity; c, is the vegetation resistance coefficient;
D, is the projected vegetation area normal to the
flow per unit horizontal area S, S, are the source/
sink terms for the horizontal momentum in the x and
y directions, respectively. In Eqgs. 1 and 2, the first
term from left to right represents the rate of change
of velocity with respect to time; the next three
are the advective components and represent fluid
motion due to inertial forces; the one that follows
is the Coriolis acceleration in the curvature and on
the tangential stresses of the bottom, represented
through the variation of the free surface; the one
immediately after the equal sign is the pressure
force, represented through the variation of the
free surface, and the next two, the viscous forces
that give rise to turbulence within the flow. Water
quality structure managed by EFDC Explorer model
is mainly composed of reactions that occur in
water through organic and inorganic cycles, such
as nitrogen, chemical oxygen demand, phosphorus,
and algae. The governing mass-balance equation
for each of the water quality state variables may be
expressed as Eq. 3.

Advection-Diffusion-Reaction equation

a b

% (mxmyHC) + % (myHuC) + % (m, HvC) + % (mxmyWC) =
c

3)

da

] myHAXaC) 0 (meHAy oC a( AZBC) —_——
Bx( my, 0x +By( my  dy +az mxm}’Haz +mxm)’HSC

As shown in Eq. 3, C is the concentration or
intensity of transport constituent; u, v are the
horizontal velocity components in the curvilinear
coordinates; w is the vertical velocity component;
A, is the horizontal turbulent eddy diffusivity; S, is
the internal and external sources and sinks per unit
volume; H is the total water depth. Eq. 3 comprises
physical, advective and diffusive transport, together
with kinetical processes; a is a temporal term,
whereas b represents advection transport. On the
right side, c represents the diffusive transport, and d
is the reaction term which represents both the kinetic
processes and external loads for each of the state
variables (DSI, 2020; Villota-Lépez et. al., 2021).

Ammonia nitrogen reaction equation

az;f“ = Yx=cd,gm(FNI,BM, + FNIP.PR, —
PN,P,) ANC,B, + KponyDON — Ky;:NH, +
BFAI\;H4 WI‘\;H4 "

In Eq. 4, FNI_is the fraction of metabolized nitrogen
by algal group x produced as inorganic nitrogen;
FNIP is the fraction of predated nitrogen produced
as inorganic nitrogen; PR is the predation rate of
algal group x; PN _is the preference for ammonium
uptake by algal group x; P_is the production rate
of algal group x; ANC is the nitrogen-carbon ratio
constant in algal group x; B is the algal biomass of
algal group x; K, is the rate of dissolved organic
nitrogen mineralization; DON is the dissolved organic
nitrogen concentration; BFNH, is the water-sediment
ammonium flux exchange, applied only to the bottom
of the layer; WNH, are the external ammonium loads
and K, is the nitrification rate.

Reaction equation of total phosphate
Small concentrations of phosphate and other
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phosphorus compounds can be found in natural
water bodies. These substances leach from the
terrain or result from organic pollution. Phosphates
are directly linked to eutrophication (DSI, 2020). The
equation employed by the model using Eq. 5.

a
E(PO[R) = Zx=c,d,g,m(FP1x(BMx) +
FPIP.(PR,) — P,)APC,(B,) + Kpop(DOP) + (5)

BFPO4d

_(WSTSS(PO4p)) + 4 Wrotp WPO4d

14 14

Note that in Eq. 5, PO4t is the total phosphate
concentration; K, . is the mineralization rate of
dissolved organic phosphorus; PO4p is the particulate
(sorbed) phosphate; PO4d is the dissolved phosphate;
FPI is the fraction of metabolized phosphorus by
algal group x produced as inorganic phosphorus; BM_
is the basal metabolism rate of algal group x; FPIP
is the fraction of predated phosphorus produced
as inorganic phosphorus; APC is the mean algal
phosphorus-to-carbon ratio for all algal groups; K,
is the dissolved organic phosphorus mineralization
rate; DOP is the dissolved organic phosphorus
concentration; WS_ is the settling velocity of the
suspended solid, provided by the hydrodynamic
model; BFPO4d is the sediment-water exchange
flux of phosphate, applied to the bottom layer only;
WPO4t is the external loads of total phosphate, and V
is the cell volume.

Dissolved oxygen reaction equation

aDo

22 = Yxmcagm|(1+03(1 = PN)Py -
(1 FCD,) (m) BM, |+ AOCR(B,) -

(AONT)(Kyie) (NHy) — AOCR(Kz)(DOC)  (6)

DO
- (m) + Kcop (COD) + Kr(DOg — D
S0D | WDO
Az 174

In Eq. 6, FCD_ is the fraction of basal metabolism
exuded as dissolved organic carbon; KHR is the half-
saturation constant of dissolved oxygen for algal
dissolved organic carbon excretion for group x; AOCR
is the dissolved oxygen-to-carbon ratio in respiration;
AONT is the mass of dissolved oxygen consumed
per unit mass of ammonium nitrogen nitrified; NH,
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is the ammonium nitrogen concentration; K. . is the
heterotrophic respiration rate of dissolved organic
carbon; DOC is the concentration of dissolved
organic carbon; KH__ is the half-saturation constant
of dissolved oxygen required for oxidation of COD;
DO is the dissolved oxygen concentration; COD is
the chemical oxygen demand concentration; K,
is the reaeration coefficient; DO is the saturated
concentration of dissolved oxygen; SOD is the
sediment oxygen demand, applied to the bottom
layer only, and WDO is the external loads of dissolved
oxygen.

Chemical oxygen demand reaction equation

acoD _ _[ DO

KH .o, + DO

BFCOD . WCOD
Az

Vv

5 J K 0, COD +

As shown in Eq. 7, KH_, is the half-saturation
constant of dissolved oxygen required for oxidation
of chemical oxygen demand; K is the oxidation rate
of chemical oxygen demand; BFCOD is the sediment
flux of chemical oxygen demand, applied to bottom
layer only and WCOD is the external loads of chemical
oxygen demand.

Suspended sediment transport equation

The water column equation for suspended
sediment transport is derived from the generic
transport Eq. 3 for a dissolved or suspended material.
From which the physical terms of horizontal diffusion
are omitted due to small inherent numerical diffusion
encountered.

0 5 5
o, (mHC, )+ —(PC) )+ g(QC)%?(’"WC)

0 0 0
slmc)-Z{npze Jrstes, O

For Eq. 8, Cj represents the concentration of the
J* sediment class; A, is the vertical turbulent eddy
viscosity (m?/s); w_is the settling velocity of the
sediment particles; SEJ. is the external source-sink
term, and 5’ " is the internal source-sink term. The
source term has been split into two terms so that
the external source-sink term can include both point
and non-point source loads. And the internal source-
sink term can include the reactive decomposition of
organic sediments or the exchange of mass between
sediments classes (DSI, 2020).
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Modeling framework

For purposes of spatial discretization of the model
in the study section, a numerical structured grid in
a curvilinear and orthogonal system was generated,
with a total of 6 rows, 360 columns and 2160 cells
whose spacing varies in DX from 10.2 m to 58.3 m and
in DY from 8.9 m to 47.03 m, since it presented the
best computational times and greater stability during
the model calculations (Fig. 2). The bathymetry was
processed on this grid, and initial and boundary
conditions were included to simulate hydrodynamics
and water quality. Subsequently, the model was
calibrated to obtain and guarantee reliable results.
The simulation period was from February 28th to
October 31st, 2019.

Initial and boundary conditions

Absolute depths obtained during the bathymetric
campaign were transformed to river bottom
elevations using the free water surface level of that
day, obtained from the hydrological station Monteria—
Aut of IDEAM. Meteorological data (solar radiation, air
temperature, wind speed and direction, precipitation,
evaporation, and relative humidity) were obtained
from IDEAM'’s Los Garzones Airport weather station.
The initial water level was established based on the

level reported by the Monteria - Aut station for the
starting day of the simulation (February 28th, 2019).
From this same station, river flows were also obtained
from a daily time series covering the entire simulation
period (Fig. 3). The discharge and abstraction flows
were provided by the environmental authority
CVS. Dirichlet-type boundaries were defined as
inflows referring to the upstream flow of the Sinu
River and discharge flows, and outflows referring
to abstraction flows. In addition, a free-flow outlet
was established at the river’s downstream boundary
(Neumann-type boundary) (Fig. 3). Sinu River flow in
the representative dry season month (March) varies
between 125.1 m3/s and 136.1 m3/s; in October, the
representative wet season month reaches flows up to
709.8 m3/s. WWTP Northeastern and WWTP South-
western have a discharge flow of 0.314 m3/s and
0.099 m3/s, respectively. Fig. 3 shows river flow input
conditions for the whole simulation period.

Initial conditions for each water quality parameter
(Fig. 3) were established from in situ measurements
at the monitoring points (P1 and P4). The parameters
concentrations at P1 (Fig. 1) were used as upstream
conditions inflow of the Sind River and the
parameters concentrations at P4 (Fig. 1) were used as
downstream free boundary conditions. Likewise, the
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Fig. 3: Initial and boundary conditions

Table 1: WWTP parameters concentrations for water quality simulation

Parameters WWTP Northeastern WWTP Southwestern
Temperature (2C) 30.2 36.2

COD (mg/L) 117.69 142.15

DO (mg/L) 1.9 1.9

NHs-N (mg/L) 15 15

PO4-P (mg/L) 3.5 3.5

TSS (mg/L) 68.17 43.56

Flow (m3/s) 0.314 0.099

concentrations of each of the discharges’ parameters
were defined according to the information provided
by the CVS (Table 1).

Model calibration

The hydrodynamic model was calibrated by
gradually adjusting the hydrodynamics coefficients
(bottom roughness, horizontal viscosity, etc.) and
comparing the simulated water levels with the
measured water level data in the river expressed
as a time series obtained from the Monteria - Aut
station during the simulation period. The water
quality model was calibrated using the time series
generated for each analyzed physicochemical and
biological parameter in P2 and P3 (Fig. 1), during
the four measurement campaigns. Throughout the
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calibration process, coefficients and rates of the
chemical reactions that govern the behavior of the
physicochemical and biological parameters were
gradually adjusted. In order to check the fit of the
model simulated data with those measured in situ,
the Root Mean Square Error (RMSE) was applied to
measure the amount of error between the two data
sets. RMSE ranges from 0 to oo, where a value equal
to O indicates a perfect fit using Eq. 9 (Ritter and
Mufoz-Carpena, 2013).

RMSE = 2..(0-p)
" (9)

Where, O; y D; represent the sample (of size



Table 2: Evaluation criteria for RMSE (Ritter and Mufioz-Carpena, 2013)

Classification Criteria

Very good SD 23.2RMSE

Good 2.2RMSE<SD<3.2RMSE
Acceptable 1.2RMSE<SD<2.2RMSE

Unsatisfactory

SD<1.2RMSE

Standard Deviation (SD) of the measured data.

Table 3: Simulation scenarios applied in Sinu River

River Discharges
Scenario  Description F (%) F (%) Concentrations (%)
DO Others
AS Actual State of the river discharges and flows. NC NC NC NC
S1 Discharges’ concentration modification. NC NC 180 400
S2 Decrease of river flow. 450 NC NC NC
s3 Decr.e.ase~of river flow and discharges concentration 150 NC 180 2400
modification.
sS4 Decrease of river flow and increase of discharges’ flows. 450 T™N400 NC NC
S5 Decrease of river flow; increase of discharges’ flows and 450 17200 166.67 17200
modification of its concentrations.
S6 {150 400 1,80 400
NC: No change; F: Flow; Others: T, COD, NH3-N, TN, PO,-P, TSS; : Increase; \,: Decrease.
Table 4: Modified coefficients in the hydrodynamic component
Hydrodynamic module
Parameter Value
Constant Horizontal Eddy Viscosity (m?%/s) 0.001
Horizontal Momentum Diffusivity (dimensionless) 0.150
Bottom roughness (m) 0.025

N) containing the measured and simulated data,
respectively, for cell i. Table 2 shows the evaluation
criteria for the RMSE.

Modeling scenarios formulation

The scenarios shown in Table 3 were formulated
considering the National Water Resource Modeling
Guide for inland surface waters. The concentrations
of the discharges’ parameters in the study section
were modified to estimate under what conditions the
river would not be able to assimilate the pollutants.

Assimilation capacity

To evaluate the assimilation capacity, the results
obtained with the simulated scenarios were compared
with the quality criteria applicable to any water body,
which, for the case of Colombia, are regulated by the
1076 Decree of 2015 of the Ministry of Environment
and Sustainable Development, in articles 2.2.3.3.3.9.2
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t02.2.3.3.3.9.12, and the 2115 Resolution of 2017 of
the Ministry of Social Protection. However, these do
not contemplate limit values for some parameters
such as COD, TSS, NH_-N, among others; therefore,
legislation from countries such as Brazil (Resolution
357 of 2005) and the United States (EPA Standards)
was consulted. Based on the current uses in the river,
and the regulations and guidelines consulted, the
quality criteria that would serve as a guide for the use
of the water resource were consolidated.

Hydrodynamic component calibration
The hydrodynamic model was calibrated by
comparing the levels obtained from the Monteria Aut.
Station with the levels calculated by the model. During
this process, some hydrodynamic coefficients were
adjusted to obtain an optimal calibration (Table 4).
Fig. 4 shows the comparison between the observed
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Fig. 4: Hydrodynamic component calibration

data and the simulated data. To verify the fit, the
RMSE was calculated, resulting in a value of 0.089,
which is in the very good fit category. This indicates
that the simulated results are a good representation
of the behavior and magnitude of the real levels in
the study area during the simulation period.

Water quality component calibration and validation

Fig. 5 shows the results of the calibration of each
parameter. The calibration of this module was
performed with the concentrations obtained at
points P2 and P3; it was necessary to adjust the water
quality module coefficients with the values shown in
Table 5.

To verify the calibration process, the RMSE was
estimated for all simulated parameters (Temperature,
COD, DO, NH,-N, TN, PO,-P, TSS) at points 2 and 3,
considering the standard deviations of the data,
the results are shown in Table 6. In P3, parameters
such as temperature, PO,-P and TSS were found in
a very good fit category; COD, DO and NH_-N in an
acceptable category and TN in a good fit category.
Considering all the calibration results, the EFDC
Explorer model reached an accurate representation
of the real conditions of the studied river section,
which makes very acceptable the simulations of the
hydrodynamic and physicochemical processes of
the river. The comparison between simulated and
measured data also shows that model results follow
the seasonal trend seen in field data.

Hydrodynamic simulation

Once the calibration process was completed, the
actual state of the study reach was simulated. The
results for the dry season were obtained from the
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representative date of March 31st, and for the wet
season, the representative date was October 26th,
2019. Water velocity in rivers can be affected by
factors such as river geometry, roughness, slope
zones and flow rate. Fig. 6 shows the velocity
simulation results for dry and wet seasons. During the
dry season (lower flows), velocities were below 0.61
m/s, while in the wet season (higher flows) velocities
of up to 0.86 m/s were reached. The spatial changes
in velocity in each season are not very significant,
because the study section is in an alluvial plain area
where slope variations are not representative (CVS,
2004; Acosta, 2013).

Water quality simulation

Results of the water quality simulations for the dry
season were also obtained from the representative
date of March 31st, and for the wet season the
representative date was October 26th, 2019; the
results for each parameter are observed in Fig. 7.
Regarding the temporal variation, an increase in DO is
observed during the wet season, this is consistent with
what is reported in the literature, where precipitation
has a positive effect on this parameter (Mufoz et
al., 2015; Liu et al., 2020). In the case of parameters
such as COD, NH,-N, TN and PO,-P the highest
concentrations were found in the dry season; this
occurs because the decrease in flow rates during this
season generates a higher concentration of pollutant
loads, which causes a decrease in DO and an increase
in COD, due to decomposition processes (Liu et al.,
2020), additionally, Benjumea et al., (2018) suggest
that the high presence of organic matter at lower
flow rates does not allow the dilution of nutrients.
The highest concentrations of TSS occurred in the wet
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Table 5: Main modified coefficients in the water quality component

Parameter Reaction rates (Value/d)
Reaeration Rate (kq) 1
DO Nitrification Rate (k) 0.07
Deoxygenation Rate (ka) 1.5
CcoD Oxidation Rate of the chemical oxygen demand (ko) 0.03
TN Nitrification Rate (kn) 0.07
NHs-N Hydrolysis Rate of organic nitrogen (kan) 0.08
Nitrification Rate (k») 0.07
SST Particle settling velocity (ws)? 1.38x10*
Sedimentation Rate of suspended solids (ks) -
PO4+-P Hydrolysis Rate of organic phosphorus (kneo) 0.08
2in m/d
Table 6: RMSE results for all parameters
Parameters SD RMSE Fit category SD RMSE Fit category
P2 P3
Temperature 0.815 0.177 Very good 0.891 0.202 Very good
COoD 3.264 1.725 Acceptable 4.955 3.655 Acceptable
DO 0.770 0.38 Acceptable 0.800 0.623 Acceptable
NHsz-N 0.119 0.032 Very good 0.121 0.065 Acceptable
TN 0.964 0.298 Very good 0.887 0.299 Good
PO4-P 0.189 0.038 Very good 0.191 0.047 Very good
TSS 28.613 9.604 Good 25.791 6.666 Very good

Fig.6: Dry and wet season velocity simulation

season since during wet periods there is a large influx
of allochthonous materials into the river through
surface runoff, i.e., the movement of rainwater
and surface runoff promotes the detachment and
entrainment of particles (sediments), increasing TSS
(Jaya, 2017; Agustine et al., 2018). Regarding the
spatial distribution of concentrations, all parameters
were negatively affected in the area immediately
after the second discharge (WWTP Northeastern),
where it was observed a slight decrease in DO and a
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significant increase in the other evaluated parameters
(COD, NH,-N, TN, and PO,-P). This demonstrates the
negative impacts that wastewater discharges have on
the concentrations of physicochemical parameters
in water bodies and their effect on the assimilative
capacity of the receiving bodies (Cuesta-Parra et al.,
2018). Results relate to Aguilar and Solano, (2018)
research regarding the river flow decrease in the
dry season that also cause a decrease in de dilution
capacity of pollutants from domestic wastewater,
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Fig. 7: Simulation results of physicochemical parameters in dry (March 31st) and wet (October 26th) seasons (Note the change of scale in
the figures)

therefore affecting the assimilative capacity.
Simulated scenarios and assimilation capacity

Simulation results of the formulated scenarios are
shown in Fig. 8. For the evaluation of the assimilation
capacity, a comparison between the concentrations
in the time series with the established reference
limits was carried out.

Temperature

Temperature is a parameter of great importance
in the analysis of water quality because its increase
in water bodies can produce negative effects on
the ecosystem and its fundamental processes,
particularly, rivers temperature affects the availability
of DO in the water column for fish and other aquatic
organisms, it also affects the solubility of chemicals
in the water and biological activity (Graham et al,,
2014; Zhen-Gang, 2017). Colombian regulations
indicate that wastewater discharges must not cause
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an increase of more than 5 °C in the temperature of
surface water bodies; the temperature time series in
Fig. 8 shows that none of the scenarios exceeds the
reference value, which indicates that the discharges
evaluated in the study section do not significantly
affect this parameter; however, it should be taken
into account that even if the standard is met, the
temperature fluctuations predicted in the different
scenarios may influence the other water quality
parameters studied. S6, which corresponds to a 50 %
decrease in river flow and an increase of five times
in discharge concentrations and flows, caused the
greatest increase in river temperature, reaching 31.7
°C as the maximum value in the dry season; this could
negatively affect the river’s assimilative capacity since
dissolved oxygen concentrations depend also on
water temperature (Imam and El Baradei, 2006); an
increase in the river’s water temperature influences
its oxygen metabolism which creates a decrease
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in its assimilative capacity due to rise biochemical
processes that deplete oxygen (Chapra et al., 2021).

Chemical Oxygen Demand

COD concentrations in the actual state are higher in
March compared to those in October, but the highest
concentrations occur between April and May (Fig. 8);
however, the graph shows that S6 is the only one that
exceeds the reference limit (20 mg/L), this occurs
during the first months (March - May) and between
June and July; during the dry season this parameter
reaches a maximum concentration of 30.9 mg/L and
water bodies that exceed the reference limit are
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considered polluted (Jingsheng et al., 2006; Al-Badaii
et al., 2013). These results show that the river’s
assimilation capacity of this parameter is affected
mainly when the river flow decreases by half and the
concentrations and flows of discharges increase five
times, which are the conditions in S6. In general, the
changeinflowrates, bothintheriverandindischarges,
is the condition that affects assimilation capacity the
most. S5 also shows a considerable increase in this
parameter during the dry season, because in this
scenario the river flow was reduced by half and the
concentrations and flows of discharges increased
three times. In all scenarios, a significant decrease



in COD was observed in October. This behavior is
similar to the results obtained by Islam et al. (2015),
where a decrease in COD was also observed during
the wet period and an increase during the dry period.
According to the results of their research, where
there were higher concentrations of COD and NH,-N
in the dry season, Liu et al., (2018) suggest that the
reduction of the water assimilative capacity during
the dry season showed that the pollution loads in this
season were much more serious than the wet season
and a reduction in pollutants loads must be done to
meet its water quality protective goal.

Dissolved oxygen

Poor water quality is considered when DO
concentrations are lower than the reference limit
of 4 mg/L, thus it can be harmful to some fish and
macroinvertebrate populations and have negative
effects on chemical reactions of aquatic ecosystems
(Patel and Vashi, 2015). As shown in Fig. 8, DO
remains at good levels over this limit throughout
the simulation time in all scenarios. Considering the
above, it can be said that the river has the capacity
to adequately assimilate current discharges without
significantly affecting this parameter, therefore
the river preserves its ability to assimilate oxygen
demanding pollutants without disrupting the aquatic
ecosystem (Chapra, 2018), even under the worst
conditions represented by S6. In S6’s dry season,
there was a greater decrease in DO compared to its
current state, which is associated with low flow values
and less aeration of the medium (Liu et al., 2020).
DO decrease in water bodies due to the influence of
discharges is consistent with what has been found in
different studies (Graham et al., 2014; Rubio et al.,
2017).

Ammonia nitrogen and total nitrogen

These parameters’ variations are strongly related
to both river flow and discharge concentrations and
flows. This is evident when observing S2 in Fig. 8,
where, although there was a decrease in half of the
river flow, the discharge flows and concentrations
were not altered, and as a result, concentrations very
similar to those of the actual state were obtained.
Most significant changes were observed in scenarios
S5 and S6, where the flow of the river and the
discharges’ flow and concentrations were modified.
S5 shows that the river can withstand a decrease
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in its flow by half and an increase of three times in
discharge flow and concentrations without exceeding
the reference limit for NH-N, while the same
happens for TN only in the wet season. TN results
show that although the reference limit of 2.18 mg/L
was exceeded in all scenarios during the first months,
by the end of the simulation in the wet season the
limit was only exceeded in S6, reaching a maximum
TN concentration of 6.3mg/L mg/L, which can
accelerate eutrophication processes and generate
negative effects on the aquatic ecosystem, as the
necessary DO concentration for fish and vegetation
could be depleted (Zhen-Gang, 2017). The S6 was
the only one where the reference limit of 2 mg/L for
NH,-N was exceeded, and this only occurred in the
first simulated months. NH_-N reached a maximum
concentration of 2.7mg/L. These parameters showed
a tendency to increase during the dry season, which
indicates that the river is not able to assimilate them
when the flow is reduced by half and the discharge
flow and concentrations increase five times. It is
important to keep in mind that in high concentrations
ammonia nitrogen can be toxic to aquatic life (Von-
Sperling, 2007). These results contrast with those
found by Husaini et al. (2007), where the highest
concentrations were found in the wet season; while
in the investigations of Girardi et al. (2016); Benjumea
et al. (2018) and Villota-Lopez et al. (2021), higher
concentrations were found in the dry season, this is
associated with the low dilution due to the decrease
in flows during this season. Wang et al. (2015) also
found that the assimilative capacity in terms of water
environmental carrying capacity, tends to be lower
for these parameters in the dry season because of the
lower water level and degradation ability, while the
larger water volume and good dynamic conditions
in the wet season were positive to the assimilative
capacity.

Phosphates

In general, it can be considered that the river
assimilation capacity for this parameter is good
because its degradation is observed over time,
and at the end of the simulation, the phosphate
concentrations are significantly lower than dry season
concentrations; this coincides with the general
notion that the increase of river flow can decrease
the pollutant concentration over time because
the dilution and self-purification effects increase;



this happens most frequently when the river’s
contaminants are mainly from point sources (Meng
et al.,, 2020). Phosphates time series show higher
concentrations of this parameter in the dry season
(Fig. 8) reaching a maximum concentration of 0.98
mg/L, this is attributed to the increase of pollutants
and nutrients concentrations caused by reduced
flows and decreased dilution capacity, this may also
contribute to algal blooms and decay of DO levels
(Montes et al., 2013) especially if the river conditions
are those of S6. The most detrimental scenario to the
river is S6, since its conditions cause a very significant
increase in phosphate concentrations during the
dry season, when the reference limit of 0.5 mg/L is
exceeded. Scenarios 1, 3 and 4 also show that during
the first days of the simulation the limit is exceeded,
which indicates that this parameter is sensitive
to changes in discharge concentrations, since in
scenario 2, where only the river flow decreased, the
concentrations varied little compared to the actual
state, and did not exceed the limit. During the wet
season, phosphate concentrations do not exceed
the limit in any of the simulated scenarios. Similar
behaviors can be found in several investigations,
higher concentrations in the dry season and lower
in the wet season (Pefia, 2019; Pan et al., 2020).
Todorova et al., (2017) studied phosphatases as a tool
to assess self-purification effectiveness at different
types of pollution in running waters since it has a
positive correlation with phosphate concentrations
and found its great value in terms of wastewater risk
identification and evaluation of organic and nutrient
loading in streams.

Total suspended solids

Fig. 8 shows that, unlike the other parameters, TSS
tend to increase in most months. In the dry season,
the concentrations of this parameter are significantly
lower than in the wet season, this is associated with
the increase of erosion processes during the wet
season, this has been evidenced too in different
investigations (Agustine et al., 2018; Benjumea et al.,
2018). Although the increase of TSS is significant in
the wet season, the quality standard of 90 mg/L is not
exceeded in any of the scenarios which implies a good
assimilation capacity in the river. The Sinu River can
assimilate the most extreme conditions (S6), without
exceeding the quality standard. On the contrary, in
Zubaidah et al., (2018) investigation, TSS loads were
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higher than the assimilative capacity value causing
a detriment in the studied river water quality. TSS
analysis is very important for water resource quality
studies since it can influence the variability of other
parameters. One of its main effects is photosynthetic
activity reduction due to light passage loss (Rubio
et al., 2017; Cahyono et al., 2019), in the same way,
high TSS concentrations suffocate benthic habitats
and interfere with feeding activities; additionally,
suspended particles promote the absorption of
nutrients, organic compounds and other potential
pollutants (Graham et al., 2014).

Longitudinal profiles

When analyzing the graphs in Fig. 9, it is found that
none of the scenarios show a lower concentration
than the reference limit (4 mg/L) for DO. Also, it is
observed that in all scenarios DO concentrations
during the wet season are higher than in the dry
season, which matches with what is reported in the
literature, where precipitation has a positive effect
on DO (Mufoz et al., 2015; Liu et al., 2020). The
highest DO concentrations for all scenarios are found
upstream of the first discharge (WWTP Southwestern)
and the lowest downstream of the second discharge
(WWTP Northeastern), with S6 being the scenario
that makes oxygen availability vary the most in the
two seasons, presenting values higher than 6.04 mg/L
in the dry season and 6.79 mg/L in the wet season.
DO and COD variability against distance was also
investigated by Zubaidah et al., (2019), the diffuse
mixture of pollutant loads caused the dissolved
oxygen concentration to decrease in downstream
points, while the COD increased; however, the self-
purification process could take place along the river,
mainly in the middle zone of the studied section.
Similar findings had Churun et al., (2019) research,
the assimilative process was observed in the location
with the greater effluent concentration, DO decrease
and then showed an increasing trend. Sinu River’s
results also show a slight decrease of DO immediately
after each discharge, but over time, the concentration
tends to be higher in the wet season, indicating once
again a better assimilative capacity in this season Fig.
9.

In COD’s case, none of the scenarios exceeds the
established limit concentration (20 mg/L) in the wet
season, but in the dry season it is exceeded after the
second discharge in S6, presenting a maximum value
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Fig. 10: Longitudinal profiles for PO,-P, NH_-N y TSS

of30.9 mg/L, being this, as well asthe DO, the scenario
with the greatest variationsin COD concentrations. For
each scenario, the concentrations in the dry season
are higher than during the wet season, as mentioned
above, this is because the decrease in flows during
the dry season generates a higher concentration of
pollutant loads, which causes a decrease in DO and an
increase in COD, due to decomposition processes (Liu
et al., 2020). It’s important to understand that rivers’
assimilative capacity is a complex process that also
involves the simultaneous work of physical, chemical,
and biological processes, and the water pollutants are
reduced mostly through biodegradation processes
(Taseiko et al., 2016).
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In the dry season, all the TN scenarios exceed the
reference limit (2.18 mg/L), while in the wet season
only S5 and S6 exceed it after the WWTP Northeastern
discharge (Fig. 9), with a maximum value of 2.19
mg/L for S5 and 3.31 mg/L for S6. For all scenarios,
TN concentrations are also higher during the dry
season than the wet season, with greater variations
after the wastewater discharges and especially after
the second discharge (WWTP Northeastern). S6 is
the scenario with the greatest variability in both
periods. This situation also occurs for N-NH, and
PO,-P. Benjumea et al. (2018), found similar results
for TN, NH,-N and PO,-P, and suggested that it was
due to a high presence of organic matter and that the



low flow in the dry season does not allow dilution of
these nutrients, in consequence, a lower assimilative
capacity is shown. In addition, Toja et al. (2003) found
higher concentrations of nitrogen and phosphates in
low water levels in the Agrio and Guadimar rivers in
Spain, attributing the low discharges dilution to the
low rivers flow. Comparable results are shown in
Mengetal., (2020), rivers’ concentration in their study
area fluctuates during the research period, these
parameters increase first and then decrease due to
the pollutant assimilation, and this also happens in
Sind River. Temperature has higher concentrations
during the dry season than during the wet season.
Meanwhile, the TSS show higher concentrations in
the wet season than in the dry season since rainwater
movement and surface runoff promote sediments
detachment and dragging. Like previous parameters,
the greatest variations in concentration occur after
the discharges, especially after the Northeastern
discharge. Unlike the other parameters, which in
all scenarios after the discharges there was only
an increase (TN, NH.-N, COD, PO,-P) or only a
decrease (DO) in the concentrations obtained in the
simulations, this was not the case for temperature
and TSS, because while in scenarios S1, S3, S5 and S6
their concentrations increased, in scenarios S2 and S4
their concentrations decreased after the discharges.
It should be noted that for S2 and S4 there was no
change in discharge concentrations, only in flow
rates.

EFDC Explorer hydrodynamic and water quality
model implementation showed an adequate fit of
the measured data compared to those calculated
by the model, especially for river water level,
temperature, phosphates and total nitrogen, giving
confidence in the model’s adaptability to the river
hydrodynamic and water quality conditions. For this
reason, its use become one of the main tools for the
Sinu River basin management and provide a bigger
approach regarding Sinu River assimilative capacity.
Model spatiotemporal simulations and the evaluated
scenarios showed the discharges’ effect on Sinu
River’s assimilative capacity since some parameters
(TN, NH,-N, COD, PO,-P) exceeded the established
reference levels and these are relevant to meet the
necessary water quality criteria to keep a healthy
aquatic ecosystem. It was possible to evaluate the
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assimilative capacity over time, observing a better
assimilation for parameters such as COD, DO, PO,-P, TN
and NH,-N during the wet season than the dry season.
In general, it can be considered that Sinu River’s
assimilation capacity is good over time. In addition,
it was found that Sinu River is more sensitive to
changes in discharge flows than changes in discharge
concentrations, the river was mostly affected by the
decrease of its flow in half, and the 400% increase in
current point sources flows; this notion can influence
the river’s planning and prevention programs in terms
of wastewater flows that can be supported by the
river without depleting its assimilative capacity; since
this aspect is not currently taken into consideration
for its management. Sind River water quality
modeling serves as a starting point for the competent
environmental authorities to evaluate the river’s
self-purification ability under the current discharge
conditions and predict which conditions this natural
process gets affected; it constitutes a fundamental
tool for the planning, design, and implementation of
water resource pollution control programs and the
development of effective water quality objectives.
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Water resources carrying capacity is dynamic and can be
influenced by catastrophic volcanic eruptions. The eruption of Mount Merapi in 2010 changed
the landscape and community livelihoods due to the redistribution of a large volume of volcanic
materials. This study aims to analyze water resources carrying capacity before and after the major
2010 eruption of Mount Merapi.

The value of water resources carrying capacity is derived from that of water availability
and the domestic water needs per capita per year. The model uses a grid of 100 x 100 meter cells
to determine the spatial distribution of water resources carrying capacity in Krasak watershed,
and this analysis considers the years 2008, before the eruption, and 2021, after the eruption.
The population distribution data have been previously mapped by referring to statistical data and
land use at the village level, while water availability is calculated considering rainfall, potential
evaporation rate, and runoff.

Water resources carrying capacity in Krasak watershed has undergone changes
related to the distribution of volcanic material and human activities. The water resources carrying
capacity for both periods experienced a surplus, although there has been an average decrease of
331.50 cubic meters per year for each grid cell. Water resources carrying capacity analysis shows
a decline, especially in the midstream and downstream. Based on T-Test, there are significant
changes in the water resources carrying capacity at 2008 and 2021 (p-value 0.047 and 95%
confidence level).

Water resources carrying capacity increased only in some locations that occurred
ecosystem succession after the eruption, although areas near the peak are decreased by sand
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Mount Merapi is an active volcano located in
Central Java and the Special Region of Yogyakarta,
Indonesia. Its volcanic edifice is surrounded by
10 rivers flowing to Indian Ocean in the south
(Ville et al., 2015; Anna et al., 2016; Gob et al.,
2016). Merapi acts as a rain catchment area
and contributes to surface water and shallow
groundwater resources that meet the various
needs of the surrounding community. Merapi is the
most active volcano in Indonesia. Its “Merapi type”
eruption is characterized by dome creation and
destruction producing Pyroclastic Density Currents
(PDCs) (Priatna and Kadarsetia, 2007). Basaltic-
andesite lava of Merapi volcano was formed next to
the subduction zone of Eurasian and Indo-Australian
plates. The Eurasian plate is a continental plate type
predominately composed of silica-aluminium (Si-Al)
material, whereas the Indo-Australian plate is an
oceanic plate with a composition of primarily silica-
magnesium (Si-Mg) (Verstappen, 2010; Wang et al.,
2019). The interaction between these plates causes
Merapi’s eruptions to be divided into effusive and
explosive phases, occurring alternately (Carr et al.,
2020). The last major eruption of Mount Merapi
occurred in 2010 when volcanic ash spread up to
thousands of kilometres from its crater through
the air (long-range transport) (Wu et al., 2019). The
surrounding landscape changed drastically due to
the sedimentation of pyroclastic materials and post-
eruptive lahars. The Indonesian government made
structural mitigation strategy to manage the cold
lahar material using the 264 Sabo Dams, on the main
rivers originating from Mount Merapi (Sukatja and
Alfianto, 2017). The volcanic ash carried by the wind
generally did not receive much attention in term of
disaster mitigation because government focused on
evacuating as many people as possible. Therefore,
volcanic ash deposited on top soil, which damaged
vegetation and caused changes in land use/cover
through ecosystem succession. This phenomenon
was classified as a post-disaster impact (Sutomo,
2013; Yudistira et al., 2020). Ecosystem changes
have a further impact, especially by decreasing
the water resources carrying capacity (WRCC).
Population growth and landscape changes, as signs
of rural-to-urban transformation (urbanization—
industrialization), have caused a decline in WRCC,
thus worsening water crises (Sunardi et al., 2020).
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The downward trend of WRCC is linearly related to
socioeconomic structural changes that encourage
increased water consumption and the release
of wastewater into the environment. Ecosystem
degradation amid the threat of climate change
has become a barrier to recover water resource
provisions (Cheng et al.,, 2018; Yang and Yang,
2021). Declining WRCC is an implication of reduced
vegetation cover and an increase in uncontrolled
bare land, especially in areas close to population
growth centres (Bangyou et al., 2011; Dede and
Widiawaty, 2020). Therefore, analysis of WRCC
associated with Merapi can provide an important

lesson about ecosystem dynamics and their
impact on disaster-prone communities. WRCC
analysis generally uses non-spatial approaches

based on population, weather and climate, and
socioeconomic and environmental data (Widodo
et al., 2015). Using geospatial approaches, WRCC
study can surpass administrative boundaries from
local scale to national scale (Lv et al., 2021). The
WRCC is obtained from the difference in values of
water availability and the annual population’s water
demand in the study area based on spatial grids,
especially in 2008 (pre-eruption) and 2021 (post-
eruption). Few WRCC studies ignore geospatial
aspects. It is only formulated by tabular data and
even if using geospatial analysis, the analysis
does not refer to ecoregions (eg. watersheds) and
spatial grids. This study aims to analyse the WRCC
in the Krasak watershed before and after the major
eruption of Mount Merapi of Indonesia in 2010.
This study would be useful for disaster mitigation,
especially for determining new settlements and
quantifying the socioeconomic activities of relocated
population in detail.

Study area and data acquisition

This study is based on a hypothesis that WRCC
may change due to massive volcanic eruptions.
Krasak watershed located at southwest of Mount
Merapi, Indonesia. Administratively,  Krasak
watershed belonged to two provinces, i.e. Central
Java and the Special Region of Yogyakarta in which
there were three regencies, eight sub-districts, and
21 villages covering an area of 35.48 km?. Krasak
watershed was chosen as an appropriate location
for WRCC research because it was an affected area
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Fig. 1: Geographic location of the study area of Krasak watershed, in Indonesia (Mount Merapi is upstream and Kali Progo where is down-
stream of the watershed in Indonesia)

Table 1: Parameters for water resources carrying capacity

Variable Parameter Data source
Water availability Rainfall Annual rainfall
Runoff Rainfall intensity, land use-runoff capacity, and slope

Potential evaporation

Water needs Population distribution

The geographical latitude and average temperature
Population and land use data

covering three level of volcanic prone areas (KRB)
during Merapi eruption in 2010 (Utami et al., 2018).
Krasak watershed was inhabited by 28,081 people
as of 2021 and possessed a complete database from
previous studies (Umami et al., 2015; Maharani et
al., 2016; Ikhsan et al., 2019b). Krasak watershed
was divided by grids of 100 x 100 m to facilitate the
analysis and aggregation of various parameters, as
shown in Fig. 1. This analysis used the entire area
of Krasak watershed, thus sample data refers to the
population sample design. The grid size actually
would refer to the unit of population density
calculation in person per square kilometer, but the
regulation of spatial data in Indonesia (Regulation of

the Head of the Indonesian Geospatial Information
Agency Number 3 of 2016 concerning Technical
Specifications for the Village Maps) has required
WRCC analysis to becomes more detailed — from 1 x
1 km to 100 x 100 m. The spatial-gridded approach
differs from previous WRCC studies that were
based on administrative regions of different sizes,
even though the units were uniform in the legally
formal context (Hastoyuando et al., 2020). The
WRCC analysis used four parameters, i.e. rainfall,
runoff capacity, potential evaporation rate, and
spatial distribution of population. These parameters
contributed to form variables for water availability
and annual water demand (Table 1).

475



WRCC data processing and analysis

The WRCC calculation considered the water
availability and the individual consumption per
year. The WRCC value used volumetric units (m3),
with positive values indicating a surplus and
negative values indicating a water resource deficit
(Brontowiyono et al., 2009; Tariq et al., 2015; Yang
et al., 2019; Nikiel and Eltahir, 2021). This water
requirement was not classified for agricultural
activities because farmers generally provided their
irrigation water from rivers and historical Mataram
ditches coming from adjacent watersheds. Rainfall
was derived from spatial interpolation using
observational data from Governmental agencies
such as Meteorology, Climatology and Geophysics
Agency of Indonesia (BMKG), Indonesian Ministry
of Public Works and Public Housing, and Indonesian
Ministry of Agriculture. Furthermore, the runoff
data were used as coefficient values for each land
use type (Kodoatie and Sjarief, 2010; Tarigan,
2018; Asdak, 2020), shown in Table 2. Potential
evaporation for the WRCC model was obtained
from Blaney—Craddle method (Gotardo et al., 2016;
Mendoza and Pefia, 2021). Calculation for the WRCC
was presented using Eg. 1, and the analysis of the
water availability was governed by Egs. 2 to 4.
WRCC = WA - NW (1)

Where WRCC is the water resources carrying
capacity, WA is water availability, and NW represents
the water needs per capita. This equation uses
metres as international standard units using Egs. 2
to 4.

R=0278x Cx Px A (3)

ET = p(0.46x T +8.13) (4)

Where, P is precipitation, R is runoff capacity, E
is evapotranspiration, and S is the change in water
storage. The parameter S for Krasak watershed was
neglected because there is no significant surface
reservoir in this area. Moreover, C is the runoff
coefficient for each land use type, A is the catchment
area, p is the annual average daytime percentage,
and T is the annual average temperature.

Water needs were strongly influenced by
the population and regional development
characteristics, i.e. rural, urban, and peri urban. The
spatial distribution of the population was useful in
this analysis to understand the details. Therefore, a
grid model as part of spatial approaches should be
considered (Raju, 2004; Siljander, 2010; Widiawaty,
2019). In the case of Krasak watershed, land use data
from the Indonesian Ministry of Environment and
Forestry and population data from the Indonesian
Central Statistics Agency were used for this model.
Population distribution was tied to land use and
regional characteristics, which required weighting
(Bielecka, 2005; Mennis, 2009; Khomarudin et al.,
2010), as shown in Table 3. A spatial water needs
analysis was performed using Egs. 5 and 6. T-Test is
used to compare the WRCC changes due to Merapi’s
eruption (Lohe et al., 2015; Medina and Toledo-
Bruno, 2016; Widiawaty et al., 2020).

NW = Popx Wy (5)

Pop, = (Si/ X ASi) x Wix Pop (6)

Where NW is the water needs per capita, Pop is
the population, Wy represents the annual water
needs per capita, Pop, is the population in polygon
i, Si is the area of polygon i, 3 ASi is the total area
of land use type i and Wi is the weight of land use

type i.

Merapi is an active stratovolcano in Indonesia

Table 2: Runoff coefficient (C) for land use types

Land use C Land use C

Secondary forest 0.15 Bare land 0.60
Industrial forest (plantation) 0.47 Dryland farming 0.40
Bushes and shrubs 0.22 Dryland farming mixed with shrubs 0.20
Settlement 0.70 Rice field 0.52
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Table 3: Weight (W) for land use types

Land use w Land use C

Secondary forest 0.00 Bare land 0.00
Industrial forest (plantation) 0.03 Dryland farming 0.05
Bushes and shrubs 0.01 Dryland farming mixed with shrubs 0.02
Settlement 0.79 Rice field 0.10

Table 4: Land use in 2008 and 2021

Land use Area (km?) Gain and loss
2008 2021 Km? %
Secondary forest 0.14 2.70 2.56 1826.04
Industrial forest (plantation) 3.38 0.53 -2.85 -84.37
Settlement 7.79 7.92 0.12 1.56
Dryland farming 13.33 7.28 -6.04 -45.34
Dryland farming mixed with shrubs 0.11 6.08 5.98 5649.67
Rice field 4.03 3.69 -0.33 -8.30
Bushes and shrubs 0.30 3.33 3.04 1022.07
Bare land 6.41 3.95 -2.47 -38.48

with its highest peak reaching 2930 m above sea
level. Statictically, small eruptions occur every 2—3
years and larger eruptions occur every 10-15 years
(Hapsari et al., 2020). During its major eruption in
2010, Krasak watershed received 10.8 million m3
of pyroclastic materials. This was the third largest
after those of the Gendol watershed (24 million
m?3) and Pabelan watershed (20.8 million m3)
(Kusumawardani et al., 2017). Krasak watershed,
located to the southwest of Mount Merapi, has
been affected by 21 eruptions between the 18th
and 21st centuries AD (Umaya et al., 2020). The
succession of ecosystems in Krasak watershed is a
recurring event. The community continues to live in
harmony with Mount Merapi, illustrated in part by
its consistent population growth. WRCC analysis in
Krasak watershed is important because it is related
to the sustainability of water resources management
in volcanic areas. Krasak watershed has an average
elevation of 732.92 m above sea level (min: 114.48
m; max: 2871.34 m). Eleven years after Merapi’s 2010
eruption, the changes in land use are characterized
by increased scrub and reduced industrial forest
(plantations) (Table 4). These changes are related to
the pyroclastic flows (Wedus Gembel in Javanese),
sand mining, and ecosystem succession initiated
by pioneer vegetation (Utami et al., 2021a, 2021b).
Although Krasak watershed has a very high annual

rainfall (2332-3102 mm/year), changes in land
use have an impact on runoff flow and infiltration
capacity, which is higher downstream than up- and
midstream (lkhsan et al., 2019a). This condition
affects shallow groundwater recharge at Yogyakarta-
Sleman Groundwater Basin, which has become the
main resource of water for residents, especially for
household needs. A WRCC deficit will therefore lead
to many cones of depression (Mulyadi et al., 2020).

The water needs after Merapi eruption have
increased due to population growth, especially
at mid- and downstream of Krasak watershed.
Many dryland farms have been turned into new
settlements, taking up a larger area than during
the post-eruption relocation as the population of
Krasak watershed increased by 4.92 percent from
2008 to 2021. The regional status as a disaster-
prone area has not affected people’s desire to
stay there because Merapi has an abundance of
natural resources. These conditions have high
economic value for tourism, agriculture, and animal
husbandry (Priyanti and Ilham, 2011; Widodo et al.,
2014; Napsiah et al., 2016). Global climate change,
which increases the temperature, also affects the
potential evapotranspiration. Krasak watershed has
a threat of water loss due to these changes. In 2008,
the average air temperature reached 25.90°C, and
eleven years later, it increases to 27.22°C. Potential
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Fig. 2: Changes in WRCC parameters (rainfall is assumed to be constant according to the data span over less than 30 years)

evapotranspiration also increases significantly
from 5.49 mm/day, to 5.65 mm/day for each unit
area. Population growth, ecosystem changes, and
increasing evapotranspiration are the main factors
reducing WRCC in Krasak watershed (Fig. 2).

The population over the 13 years increases
by only 1316 people, which is relatively small
when compared with Indonesian average annual
population growth ranging from 1.00 percent to
2.00 percent (Oey-Gardiner and Gardiner, 2013). If
each resident needs 80 litres or 0.08 m* water per
day, according to the criteria of the IMPWPH (2018)
for rural areas, then each individual needs 29.20 m3
water per year in total. It will continue to increase
along with the rural-to-urban transformation of
the landscape in Krasak watershed. The WRCC
analysis ignored local discharges from springs due
to endogenous and exogenous energy activities in
the folds, faults, and weathering of rocks. There
was a grid expansion of the WRCC deficit 10 years
after the eruption, especially in the groundwater
discharge zone close to Krasak River estuary where
the confluence zone with the Progo River is located
(Fig. 3). The community’s water needs increased by
491 percent, from 781.601 m3 (2008) to 819,973
m? (2021). Non-spatial WRCC calculations do not
use grid units. However, Krasak watershed still has
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an overall surplus of more than 21 million m3 per
year. The WRCC surplus is more spread out in the
recharge and transition zones, which are rarely
inhabited by residents. However, between the
years before Merapi’s eruption in 2010, there is
a significant decrease in WRCC at the transition
(midstream) and discharge (downstream) of Krasak
watershed. The statistical test showed this significant
difference with p-value of 0.047 and 95% confidence
level. Individual consumption (population growth)
and ecosystem succession illustrate that WRCC is
very dynamic. Therefore, these results accept the
hypothesis that WRCC has a strong interaction with
Merapi’s eruption. Although in the initial period
after the eruption, it brought losses to the landscape
and communities affected by volcanic materials, a
few years later, this phenomenon gave a blessing
because it could rejuvenate the landscape and
fertilize the soil that increasing the environmental
carrying capacity (Fiantis et al., 2019), including the
WRCC.

A largest surplus was found in the upstream,
which has been overgrown by vegetation, while the
middle has started to experience pressure on water
availability. The WRCC surplus of more than 5,000 m?
per grid was decreased. Even in 2021, it has spread
to the upper reaches near Merapi’s peak. The WRCC
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and 95% confidence level).

at the peak experienced a decline of 331.50 m? per
year for each grid cell. This phenomenon occurred
on the west side of Krasak watershed, specifically in
the Bebeng River segment. In this segment, there are
many sand mining activities and the prices of these
commodities are very high, in a linear relationship with
the qualities (Sulaiman, 2008; Miller, 2021). Bebeng
River segment serves 480 m3 of volcanic sand per day,
this certainly increased due to demand-driven during

the rapid development on Java Island (Pangestu and
Darmono, 2014). Different conditions are found on the
eastern side (Krasak River segment), which is relatively
greener because it is less exploited by traditional
sand mining by the local community and receives less
lahar flows (Lavigne, 2000). In Krasak River segment,
which is steeper with many springs exposed to the
ground, the topography is considered as limiting factor
preventing similar exploitation. The spatial-gridded
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model also shows that the east side has a very high
annual WRCC (more than 5,000 m3 per grid), it looked
constant tendency to increase in intervals 0-2,500
m? per grid. The directional change of dominant
eruptive material slide on the west side (Bebeng River
segment), makes WRCC in the Krasak River segment
relatively more preserved with clear water. Merapi
eruption has changed the environmental carrying
capacity both directly and indirectly. From this studly,
conservation and rehabilitation efforts are needed to
maintain the watershed ecosystem thus the carrying
capacity is not exceeded due to population pressure,
land management, and natural resources exploitation,
even though some areas of Krasak watershed belong
to Mount Merapi National Park (Hartono, 2006;
Thorburn, 2012).

WRCC in Krasak watershed was changed both
before and after Mount Merapi eruption. Grid-
based WRCC analysis shows a decline, especially
in the midstream and downstream areas. WRCC at
the peak occurred a decline of 331.50 m? per year
for each grid cell. An increase in WRCC occurred
only in some locations that experienced ecosystem
succession after the 2010 eruption, although areas
near the peak experienced a decrease due to
sand mining. WRCC changes in Krasak watershed
occurred significantly based on the results of
T-Test (p-value 0.047 and 95% confidence level).
Population growth and the economic attractiveness
of pyroclastic materials from Mount Merapi are
threats that need to be anticipated by governments,
communities, and other stakeholders, as some
locations have experienced a decline in WRCC. From
this study, Merapi eruptions can increase WRCC
through ecosystem succession, but also indirectly
encourage various anthropogenic activities which
potentially reduce WRCC in the transition and
recharge zones. Without proper monitoring and
management in the volcano ecosystems, it is not
impossible that WRCC dynamics will decline due
to unsustainable landscape. Mount Merapi has
two cycles of eruption, small and large, efforts to
be aware of large eruptions are very meaningful to
know changes in the landscape that have impacts
on land use, livelihoods, and population distribution
as parameters that affect WRCC. This study has
limitations in evapotranspiration measurement

480

which is only based on numerical calculations
(potential evapotranspiration), not using actual
evapotranspiration. The WRCC model has the
potential for further development, particularly it is
able to include other parameters such as shallow

groundwater, microclimate, river systems, and
shallow groundwater resources.
M. Dede made the project plan, collected

the data, processed and interpreted the data,
performed WRCC model, prepared the manuscript
text, and manuscript edition. S.B. Wibowo collected
the data and prepared the manuscript text. V.
Prasetyo prepared the manuscript text. .W. Nurani
commented on the data. P.B. Setyowati performed
the literature review. S. Sunardi made the work
plan, collected the data, prepared the manuscript
text, and manuscript edition.

This study was funded by Hibah Riset Universitas
Padjadjaran (HRU) in 2021 with contract number
[1959/UN6.3.1/PT.00/21], under program of PPKI
Research Collaboration of Indonesian Ministry
of Education, Culture and Higher Education. The
authors also thank to Millary Agung Widiawaty
(Research Center for Nuclear Energy System-National
Nuclear Energy Agency of Indonesia ‘BATAN’) for the
valuable discussion in developing this model.

The authors declare no potential conflict of
interest regarding the publication of this work. In
addition, the ethical issues including plagiarism,
informed consent, misconduct, data fabrication
and, or falsification, double publication and, or
submission, and redundancy have been completely
witnessed by the authors.

©2022 The author(s).This article is licensed under
a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or
format, as long as you give appropriate credit to
the original author(s) and the source, provide a
link to the Creative Commons license, and indicate
if changes were made. The images or other third-



party material in this article are included in the
article’s Creative Commons license, unless indicated
otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons
license and your intended use is not permitted by
statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit:
http://creativecommons.org/licenses/by/4.0/

GJESM Publisher remains neutral with regard
to jurisdictional claims in published maps and
institutional afflictions.

% Percentage

S ASi Total area of land use type i

A Catchment (area)

c Runoff coefficient

E Evapotranspiration

Eq Equation

Eqgs Equations

Fig Figure

IMPWPH ;nn%oSEEiI?CnHl\grsiisr':;y of Public Works

km Kilometer

km? Square kilometer

KRB Kawasqilv rawan bencana Merapi
(Merapi’s disaster prone area)

m Meter

m? Cubic meter

NW Water needs per capita

P Precipitation

p Annual average daytime percentage

Pop Population

Pop, Population in polygon i

R Runoff capacity

S Surface reservoir

Si Area of polygon i

T Annual average temperature

481

w Weight for land use types

WA Water availability

Wi Weight of land use type i

WRCC Water resources carrying capacity
Wy Annual water needs per capita

Anna, A.N.; Priyono, K.D.; Suharjo, S.; Priyana, Y., (2016).
Using water balance to analyze water availability for
communities (A case study in some areas of Bengawan
Solo Watershed). Forum Geogr.,, 30(2): 166-175 (10
pages).

Asdak, C., (2020). Hidrologi dan pengelolaan daerah aliran
sungai. Gadjah Mada University Press, Yogyakarta,
Indonesia.

Bangyou, Y.; Jiusheng, X.; Huiru, T.; Shaoping, D.; Yinning,
T., (2011). Analysis on water environment capacity of the
Poyang Lake. Procedia Environ. Sci., 10: 2754-2759 (6
pages).

Bielecka, E., (2005). A dasymetric population density map of
Poland. Proc. 22nd Int. Cartogr. Conf., 48: 9—15 (7 pages).

Brontowiyono, W.; Lupiyanto, R.; Malik, A.H., (2009).
Improving carrying capacity by developing rainwater
harvesting: A case of Oyo watershed, Gunungkidul,
Indonesia. J. Sains Teknol. Lingkung., 1(1): 86-98 (15
pages).

Carr, B.B.; Clarke, A.B.; Vitturi, M.D.M., (2020). Volcanic
conduit controls on effusive-explosive transitions and the
2010 eruption of Merapi Volcano (Indonesia). J. Volcanol.
Geotherm. Res., 392: 106767 (12 pages).

Cheng, K.; Fu, Q.; Meng, J.; Li, T.X.; Pei, W., (2018). Analysis
of the spatial variation and identification of factors
affecting the water resources carrying capacity based on
the cloud model. Water Resour. Manage., 32(8): 2767—
2781 (15 pages).

Dede, M.; Widiawaty, M.A., (2020). Utilization EOS Platform
as cloud-based GIS to analyze vegetation greenness in
Cirebon Regency, Indonesia. J. Inf. Technol. Util., 3(1): 1-4
(4 pages).

Fiantis, D.; Ginting, F.I.; Nelson, M.; Minasny, B., (2019).
Volcanic ash, Insecurity for the people but securing fertile
soil for the future. Sustain., 11 (11): 3072 (19 pages).

Gob, F.; Gautier, E.; Virmoux, C.; Grancher, D.; Tamisier, V.;
Primanda, K.W.; Wibowo, S.B.; Sarrazin, C.; De Bélizal,
E.; Ville, A.; Lavigne, A., (2016). River responses to the
2010 major eruption of the Merapi volcano, Central Java,
Indonesia. Geomorphol., 273: 244-257 (14 pages).

Gotardo, J.T.; Rodrigues, L.N.; Gomes, B.M., (2016).



Comparison of methods for estimating reference
evapotranspiration: An approach to the management
of water resources within an experimental basin in the
Brazilian Cerrado. Rev. Bras. Eng. Agric., 36: 1016-1026
(11 pages).

Hapsari, R.l.; Sugna, B.A. |.; Novianto, D.; Asmara, R.A.; Qishi,
S., (2020). Naive Bayes classifier for debris flow disaster
mitigation in Mount Merapi volcanic rivers, Indonesia,
using X-band polarimetric radar. Int. J. Disaster Risk Sci.,
11(6): 776—789 (14 pages).

Hartono, M. D., (2006). Is national park for conservation?
Case study in Merapi volcano, Indonesia. Paper at 11th
Biennial Conference of International Association for the
Study of Common Property, Bali, Indonesia, 19-23 June
2006.

Hastoyuando, E.; Brontowiyono, W.; Hasanah, N.A.l., (2020).
Environmental carrying capacity analysis based on water
resources (Case study of East Surabaya area). Civ. Environ.
Eng. Rep., 16(2): 229-237 (9 pages).

Ikhsan, J.; Hendrawan, D.; Harsanto, P., (2019a). Study on
infiltration capacity at disaster-prone areas in Krasak’s
watershed of Mount Merapi, Indonesia. AIP Conf. Proc.,
2114: 050012 (8 pages).

Ikhsan, J.; Hilmi, I.; Harsanto, P.; Nursetiawan, N., (2019b).
The study of infrastructures and riparian area at Krasak
Watershed, Indonesia. J. Tek. Sipil Perenc., 21(2): 100—
109 (10 pages).

IMPWPH, (2018). Modul proyeksi kebutuhan air dan
identifikasi pola fluktuasi pemakaian air. Perencanaan
jaringan pipa transmisi
Indonesian Ministry of Public Works and Public Housing.
BPSDM Kementerian PUPR R, Jakarta, Indonesia.

Khomarudin, M.R.; Strunz, G.; Post, J.; Zobeder, K.;Ludwig,
R., (2010). Derivation of population distribution by
combining census and landuse data: As an input for
tsunami risk and vulnerability assessment. Int. J. Remote
Sens. Earth Sci., 6(1): 46-56 (11 pages).

Kodoatie, R. J.; Sjarief, R., (2010). Tata ruang air. Penerbit
Andi, Yogyakarta. Indonesia.

Kusumawardani, R.; Kurniadhi, R.; Mukhlisin, M.; Legono,
D., (2017). Rainfall threshold for triggering debris flow
on Merapi volcano area, Yogyakarta, Indonesia. AIP
Conference Proceeding. 1818: 020027 (9 pages).

Lavigne, F.; Thouret, J.C.; Voight, B.; Suwa, H.; Sumaryono,
A., (2000). Lahars at Merapi volcano, Central Java: An
overview. J. Volcanol. Geotherm. Res., 100(1-4): 423-456
(34 pages).

Lohe, R.N.; Tyagi, B.; Singh, V.; Kumar, T.P.; Khanna, D. R.;
Bhutiani, R., (2015). A comparative study for air pollution
tolerance index of some terrestrial plant species. Global J.

dan distribusi air minum.

482

Environ. Sci. Manage., 1(4): 315-324 (10 pages).

Lv, A.; Han, Y.; Zhu, W.; Zhang, S.; Zhao, W., (2021). Risk
assessment of water resources carrying capacity in China.
JAWRA J. Am. Water Resour. Assoc., 57(4): 539-551 (13
pages).

Maharani, Y.N.; Lee, S.; Ki, S.J., (2016). Social vulnerability
at a local level around the Merapi volcano. Int. J. Disaster
Risk Reduct., 20: 63—77 (15 pages).

Medina, M.A.P.; Toledo-Bruno, A.G., (2016). Ecological
footprint of university students: Does gender matter?.
Global J. Environ. Sci. Manage., 2(4): 339-344 (6 pages).

Mendoza, C.J,; A, (2021).
evapotranspiration estimation by different methods
for the sucroenergy sector of Colombia. Rev. Bras. Eng.
Agric., 25(9): 583-590 (8 pages).

Mennis, J., (2009). Dasymetric mapping for estimating
population in small areas. Geogr. Compass., 3(2): 727—
745 (14 pages).

Miller, M.A., (2021). A transboundary political ecology of
volcanic sand mining. Ann. Am. Assoc. Geogr., 1: 1-19 (20
pages).

Mulyadi, A.; Dede, M.; Widiawaty, M.A., (2020). Spatial
interaction of groundwater and surface topographic using
geographically weighted regression in built-up area. IOP
Conf. Ser.: Earth Environ. Sci, 477: 012023 (8 pages).

Napsiah, N.; Gunawan, B.; Abdoellah, O.S.; Sulaeman, M.,
(2016). Value rationality of people living on the slope
of Merapi in Yogyakarta. Analisa: J. Soc. Sci. Relig., 1(1):
105-120 (16 pages).

Nikiel, C.A.; Eltahir, E.A., (2021). Past and future trends
of Egypt’s water consumption and its sources. Nat.
Commun., 12(1): 1-11 (12 pages).

Oey-Gardiner, M.; Gardiner, P., (2013).
demographic dividend or window of opportunity. Masy.
Indones., 39(2): 481-504 (24 pages).

Pangestu, L.; Darmono, D., (2014). Studi kasus imbangan
angkutan sedimen di Kali Krasak. Inersia: Inf. Ekspose Has.
Ris. Tek. Sipil Arsit., 10(2): 122-132 (10 pages).

Priatna, P.; Kadarsetia, E., (2007). Characteristics of volcanic
gas correlated to the eruption activity; Case study in
the Merapi volcano, periods of 1990-1994. Indones. J.
Geosci., 2(4): 235-246 (21 pages).

Priyanti, A.; Ilham, N., (2011). The economic impact of
Merapi volcano eruption in livestock farming systems.
Wartazoa: Indones. Bull. Anim. Vet. Sci., 21(4): 153-160
(8 pages).

Raju, P.L.N., (2004). Spatial data analysis. Satellite remote
sensing and GIS applications in agricultural meteorology:
Proceedings of a training workshop. World Meteorological
Organisation, Geneva, Switzerland.

Pefia, Reference

Indonesia’s



Siljander, M., (2010). Geospatial environmental data
modelling applications using remote sensing, GIS and
spatial statistics. PhD’s Thesis, Faculty of Science,
University of Helsinki.

Sukatja, C.B.; Alfianto, A., (2017). Revitalisasi sabodam
sebagai pengendali aliran lahar (studi kasus di daerah
Gunungapi Merapi). J. Tek. Hidraul., 8(1): 29-42 (14
pages).

Sulaiman, M., (2008). Study on porosity of sediment mixtures
and a bed-porosity variation model. PhD’s Thesis, Disaster
Prevention Research Institute, Kyoto University.

Sunardi, S.; Ariyani, M.; Withaningsih, S.; Darma, A.P.;
Wikarta, K.; Parikesit, P.; Kamarudin, M.K.A.; Abdoellah,
0. S., (2021). Peri-urbanization and sustainability of a
groundwater resource. Environ. Dev. Sustainability. 23(6):
8394-8404 (11 pages).

Sutomo, S., (2013). Ecological succession on volcanic
ecosystem of Mount Merapi Indonesia and its implication
for restoration. Seameo Biotrop, Bogor, Indonesia.

Tarigan, 1., (2018). Analisis koefisien aliran permukaan
(c) akibat perubahan tata guna lahan pada daerah
aliran sungai (DAS) Ular. Bachelor’s Thesis, Faculty of
Engineering, Universitas Sumatera Utara.

Tarig, A.; Athar, M.; Ara, J.; Sultana, V.; Ehteshamul-
Haque, S.; Ahmad, M., (2015). Biochemical evaluation
of antioxidant activity in extracts and polysaccharide
fractions of seaweeds. Global J. Environ. Sci. Manage.,
1(1): 47-62 (6 pages).

Thorburn, C., (2012). Farmer field schools for integrated
watershed management. Dev. Pract., 22(1): 3-17 (15
pages).

Umami, N.; Suhartanto, B.; Suwignyo, B.; Suseno, N.; Fenila,
S.A.; Fajarwati, R., (2015). Productivity of forages in
grassland Merapi post-eruption area, Sleman, Yogyakarta,
Indonesia. Anim. Prod., 17(2): 97-106 (10 pages).

Umaya, R.; Soekmadi, R.; Sunito, S., (2020). Direct economic
benefits and human dependence toward Gunung Merapi
National Park, Indonesia. Biodiversitas: J. Biol. Divers.,
21(3): 982—993 (12 pages).

Utami, I.; Putra, R.A.P.; Wibowo, M.S.; Yusuf, F.l.; Husna, F.;
Eko, A.; Susanto, D., (2021a). Tree stratification based on
eruption damage level in Mount Merapi National Park
Yogyakarta Indonesia. Media Konservasi, 26(1): 71-81 (11
pages).

Utami, I.; Yusuf, F.I.; Husna, F., (2021b). Tree vegetation
analysis after 10 years of Mount Merapi eruption. Proc.
Int. Conf. Sci. Eng., 4: 33-40 (8 pages).

Utami, S.N.H.; Purwanto, B.H.; Marwasta, D., (2018). Land

483

management for agriculture after the 2010 Merapi
eruption. Planta Tropika: J. Agrosains, 6(1): 32-38 (7
pages).

Verstappen, H.T.,, (2010). Indonesian landforms and plate
tectonics. Indones. J. Geosci., 5(3): 197-207 (11 pages).
Ville, A.; Lavigne, F.; Virmoux, C.; Brunstein, D.; de Bélizal,
E.; Wibowo, S.B.; Hadmoko, D.S., (2015).
géomorphologique de la vallée de la Gendol a la suite
de I’éruption d’octobre 2010 du volcan Merapi (Java,
Indonésie). Geomorphol. Relief Process. Environ., 21(3):

235-250 (16 pages).

Wang, F.; Xu, W.L.; Xing, K.C.; Tang, J.; Wang, ZW.; Sun, CY,;
Wu, W., (2019). Temporal changes in the subduction of
the Paleo-Pacific plate beneath Eurasia during the late
Mesozoic: Geochronological and geochemical evidence
from Cretaceous volcanic rocks in eastern NE China.
Lithos, 326: 415-434 (20 pages).

Widodo, B.; Lupyanto, R.; Sulistiono, B.; Harjito, D.A.;
Hamidin, J.; Hapsari, E.; Yasin, M.; Ellinda, C., (2015).
Analysis of environmental carrying capacity for the
development of sustainable settlement in Yogyakarta
urban area. Procedia Environ. Sci., 28: 519-527 (9 pages).

Widodo, S.; Sriwidodo, S.; Irham, |.; Handoyomulyo, J.,
(2014). Dampak erupsi Gunung Merapi terhadap Kawasan
Taman Nasional Gunung Merapi (TNGM) di DIY dan Jawa
Tengah. SEPA: J. Sos. Ekon. Pertan. Agribisnis, 11(1): 130—
141 (12 pages).

Wu, X.; Griessbach, S.; Hoffmann, L., (2018). Long-range
transport of volcanic aerosol from the 2010 Merapi
tropical eruption to Antarctica. Atmos. Chem. Phys.,
18(21): 15859-15877 (19 pages).

Widiawaty, M.A., (2019). Mari mengenal sains informasi
geografis. Aria Mandiri Group, Bandung, Indonesia.

Widiawaty, M.A.; Nandi, N.; Murtianto, H., (2020). Physical
and social factors of shoreline change in Gebang, Cirebon
Regency 1915-2019. J. Appl. Geospat. Inf., 4(1): 327-344
(8 pages).

Yang, S.; Yang, T., (2021). Exploration of the dynamic water
resource carrying capacity of the Keriya River Basin on the
southern margin of the Taklimakan Desert, China. Reg.
Sustain., 2(1): 73-82 (10 pages).

Yang, X.; Han, W.; Mao, C., (2019). A comprehensive analysis
on water resources carrying capacity in Tongliao based on
ecological footprint method. IOP Conf. Ser.: Earth Environ.
Sci, 237(5): 052017 (10 pages).

Yudistira, D.; Fadilah, R.N.; Setiawan, A.B., (2020). The
impact of Merapi mountain eruption to the society. Effic.
Indones. J. Dev. Econ., 3 (1): 719-725 (7 pages).

Evolution



AUTHOR (S) BIOSKETCHES

Dede, M., M.Sc., Researcher, Center for Environment and Sustainability Science, Universitas Padjadjaran, Bandung City, Indonesia.
= Email: m.dede.geo@gmail.com
= ORCID: 0000-0003-4884-394X
= Web of Science ResearcherID: ABD-8995-2020
= Scopus Author ID: 57218441188
= Homepage: https://www.unpad.ac.id/2021/02/mohammad-dede-wisudawan-terbaik-magister-unpad-hobi-menulis-dan-meneli-
ti/
Wibowo, S.B., Ph.D., Assistant Professor, Faculty of Geography, Universitas Gadjah Mada, Yogyakarta, Indonesia.
= Email: sandy_budi_wibowo@ugm.ac.id
= ORCID: 0000-0002-0896-3413
= Web of Science ResearcherID: NA
= Scopus Author ID: 37006340500
= Homepage: https://acadstaff.ugm.ac.id/Sandy

Prasetyo, Y., Ph.D., Assistant Professor, Department of Geodetic Engineering, Faculty of Engineering, Universitas Diponegoro, Sema-
rang City, Indonesia

=  Email: yudo.prasetyo@ft.undip.ac.id

= ORCID: 0000-0002-4777-8923

= Web of Science ResearcherID: AAD-5058-2019

= Scopus Author ID: 56236910500

= Homepage: https://geodesi.ft.undip.ac.id/yudo-prasetyo-st-mt/

Nurani, LW., M.Sc.,, Assistant Professor, Faculty of Geography, Universitas Gadjah Mada, Yogyakarta, Indonesia;
Doctoral Student, Université Paris 1 Panthéon-Sorbonne, Paris, France

= Email: idea.nurani@ugm.ac.id

= ORCID: 0000-0001-7523-1784

= Web of Science ResearcherID: NA

= Scopus Author ID: 57213686341

= Homepage: https://pw.geo.ugm.ac.id/2018/05/18/idea-wening-nurani-s-si-m-sc-m-il/

Setyowati, P.B., M.Sc., Assistant Professor, Faculty of Agriculture, Universitas Brawijaya, Malang, Indonesia
= Email: putri_budi@ub.ac.id

= ORCID: 0000-0002-0716-1793

= Web of Science ResearcherID: NA

= Scopus Author ID: 57222356792

= Homepage: https://sosek.ub.ac.id/profil/sumber-daya-manusia/dosen/putri-budi-setyowati-sp-m-sc/

Sunardi, S., Ph.D, Professor, Environmental Sciences Program, Postgraduate School, Universitas Padjadjaran, Bandung City, Indonesia
= Email: sunardi@unpad.ac.id

= ORCID: 0000-0001-9515-4608

= Web of Science ResearcherID: NA

= Scopus Author ID: 57223032389

= Homepage: https://pasca.unpad.ac.id/tentang-pascasarjana/struktur-organisasi/

HOW TO CITE THIS ARTICLE

Dede M.; Wibowo, S.B.; Prasetyo, Y.; Nurani, I.W.; Setyowati, P.B.; Sunardi, S., (2022). Water resources
carrying capacity before and after volcanic eruption. Global J. Environ. Sci.Manage., 8(4): 473-484.

DOI: 10.22034/gjesm.2022.04.02
url: https://www.gjesm.net/article_249013.html

484




Global Journal of Environmental Science and Management

C GIESM

(GIESM)

Homepage: https://www.gjesm.net/

Inkjet printing of metal oxide coatings for enhanced photovoltaic soiling
environmental applications

E. Fares'?, B. Aissa®, R.J. Isaifan'”

1 Division of Sustainable Development, College of Science and Engineering, Hamad Bin Khalifa University, Qatar Foundation,

P.O. Box 5825, Doha, Qatar

2Department of Mechanical and Industrial Engineering, College of Engineering, Qatar University, P.O. Box 2713, Doha, Qatar

3 Qatar Environment and Energy Research Institute, Hamad Bin Khalifa University, Qatar Foundation, P.O. Box 5825, Doha, Qatar

ARTICLE INFO

ABSTRACT

Article History:

Received 23 November 2021
Revised 01 February 2022
Accepted 5 March 2022

Keywords:
Anti-soiling
Inkjet printing
Metal oxides
Nanoparticles
Photovoltaic (PV)
Solar panels
Thin films

DOI: 10.22034/gjesm.2022.04.03

Global energy needs have gradually shifted toward photovoltaic solar
energy, especially in the Gulf region because of the high solar-irradiance potential. However, one of the
main challenges for this technology in the region is soiling, which has been reported to degrade the power
output of photovoltaic modules significantly. Anti-soiling coatings are promising technologies to minimize
the effect of dust on photovoltaic solar panels. Accordingly, this study aimed to synthesize aluminum, zinc,
titanium, and tin oxides using mixed-based and nanoparticle-based precursors through inkjet printing
techniques and investigate their potential in anti-soiling applications for PV panels.

Four metal oxides, namely, aluminum, zinc, titanium, and tin oxides, were synthesized and
deposited using the inkjet printing technique for anti-soiling application. Ultraviolet-visible spectroscopy,
field emission scanning electron microscope, X-ray diffraction, X-ray photoelectron spectroscopy, and
contact angle measurements were performed to characterize these thin films.

The optical transmittance of the substrate using the nanoparticle ink revealed better optical
properties than that using the mixed-based ink. Compared with nanoparticle samples, a homogeneous
crack and a defect-free layer were observed with dense nanoparticles in all mixed inks (except for
aluminum oxide ink). The contact angles indicated that the synthesized films were super-hydrophilic/
hydrophilic coatings. The results of the outdoor testing revealed that up to 60% less dust was deposited on
the best-performing film (aluminum oxide mixed-based ink) compared with bare glass.

The outdoor experiment revealed that mixed-based thin films were better in reducing
dust deposition than nanoparticle-based thin films and bare glass. This enhancement might be due to
the decreased antireflection property along with a morphological contribution related to the presence of
nanoparticle voids, which reduce the spectra scattering and minimize its deterioration, thus demonstrating
better anti-soiling properties. The results of the outdoor test revealed that aluminum, zinc, and titanium
oxides are promising materials for anti-soiling coating applications for both ink types. However, tin oxide
coatings are not recommended for anti-soiling applications, as they showed the highest dust deposition
rate near the bare glass performance.
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Soiling is one of the main issues inherent to
photovoltaic (PV) deployment, especially in the arid
region, accounting for 70 percent (%) of PV-power
losses (Micheli et al., 2017). Anti-soiling coating (ASC)
is one of the promising mitigation techniques for dust
accumulation on PV panels (Pescheux et al., 2020;
Lee et al., 2022; Thongsuwan et al, 2022), as it
efficiently reduced the operational and maintenance
costs and the associated cleaning water consumption,
especially in the desert environment (Alnaser et al.,
2018; Eihorn et al., 2019). The ASC concept mainly
relies on hydrophobic (contact angle (CA)>90°) or
hydrophilic (CA<90°) properties, which can be
achieved by a surface chemistry treatment, a surface
morphology modification, and/or a combination of
both (Bukhari et al, 2019). Few studies have
addressed both parameters; however, many
researchers demonstrated the utilization of silicon
and titanium dioxides (SiO, and TiO,) for ASC
applications (Jesus et al., 2018). Jesus et al., (2018)
used titanium and silicon dioxides (TiO,/SiO,), pure
TiO,, and SiO, thin films and experimentally tested
them for 4-5 months in Italy, Spain, and Brazil. They
found that the light transmittance (T%) loss of the
uncoated glass was 16%, whereas the coated ones
reduced the T% loss by 50%, specifically in the TiO,/
SiO, sample. They emphasized the importance of
ASCs for dry regions. Sueto et al., (2013) found that
coating a photocatalytic surface layer with a modified
tungsten trioxide (WO,) and partially hydrolyzed
tetraethyl orthosilicate potentially reduced the dust
adhesion from 0.25 electronvolt (eV) to 0.10 eV.
Moreover, accumulated sand masses were reduced
from >0.01 g to 0.005 g. Furthermore, Ota et al.,
(2016) found that silica-based coating increased the
transmittance and energy output of PV panels by
>3%. Bahattab et al, (2016) also observed an
approximately 7% increase in the transmittance when
low-iron soda-lime float glass was coated with SiO,
nanoparticles (NP). Pendse et al., (2018) found that
the CA was more than 130° when depositing
magnesium fluoride (MgF,) NP on glass; accordingly,
light transmittance increased by 7%—9%. On the
contrary, Said et al., (2015) tested the difference
between textured antireflective coated and uncoated
PV panels. They found that the clean PV module
power output increased by an average of 4%—8%
when coated panels were used because of the
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decreased reflection losses, whereas dust fouling was
mitigated by 5% with the use of textured antireflective
coatings. Li et al., (2013) prepared a hydrophobic
antireflective SiO,-based coating for PV panels and
found that the performance was enhanced by
approximately 6.6% with a maximum transmittance
of 98.3%; thus, it could also be used for self-cleaning
application. Likewise, Arabatzis et al., (2018) reported
an increase of 5%—6% in the power gain for TiO,/SiO,-
coated PV panels compared with the uncoated ones
because of the increased light transmittance in the
visible region and enhanced self-cleaning. Oh et al,,
(2016) used SiO, NP-based ASC. In their study, energy
soiling losses reduced up to 3.85%, and the module’s
power improved by approximately 2.56% because of
the antireflection function. Hossain et al., (2021),
tested silica thin films and found that PV efficiency
was improved up to 27%. Similarly, Piliougine et al.,
(2013) found a 0.8% difference in daily energy soiling
losses between coated (with metal oxide NP and a
hybrid polymer binder) and uncoated PV panels. All
these previous studies have utilized dip-coating, spin-
coating, and vapor-deposition techniques. Essentially,
none of the aforementioned studies have utilized
inkjet printing. However, limitations such as coating
degradation, light transmittance loss, and instability
for such coatings have been reported (Eihorn et al.,
2019; Pescheux et al., 2020). For example, Pescheux
et al., (2020) revealed that they have subjected their
coatings to accelerated aging tests to verify their
durability to real outdoor exposures. However, the
coatingsrecorded smalllosses of optical performances
despite the aggressiveness of the tests. Nowadays,
metal oxide materials are heavily used in solar cells as
transparent electrodes, light absorbers, transport
layers, and other functionalities such as ASC and
antireflective surfaces (Perez-Tomas et al., 2018).
Their widespread use was attributed to their
availability in nature, nontoxicity (Nunes et al., 2019),
low cost (Isaifan et al, 2017), and fabrication
processes (Perez-Tomas et al., 2018). Further, they
proved to be suitable for outdoor applications
because of their insolubility and chemical and thermal
stability (Isaifan et al., 2017; Perez-Tomas et al., 2018;
Nunes et al, 2019). Perez-Tomas et al, (2018)
provided evidence that mesoporous zirconia, for
instance, has high stability, can be fully printed, and
eliminates the use of precious metals, which are
replaced by low cost carbon-based materials. Other



important properties of metal oxide materials are
their large bandgap and low reflective index, which
help in harvesting more photons (Perez-Tomas et al.,
2018; Nunes et al., 2019). Based on the above
reasons, metal oxides improve the device’s
characteristics and increase its reliability (Perez-
Tomas et al,, 2018). Therefore, the present study
focused on metal oxides for the preparation of ASC
layers. TiO,, aluminum oxide (ALO,), tin oxide (Sn0O,),
and zinc oxides (ZnO) were used as candidates for
such purposes. Inkjet printing is a valuable technique
in nanotechnology, especially for metal oxide thin
film fabrication (Liu et al, 2015). Metal oxide
precursors could be prepared using the colloidal
suspension of metal oxide NP, metal salt solution, and
colloidal NPsbased onsol—-gel chemistry. Furthermore,
Liu et al., (2015) recommended using colloidal NP
based on sol-gel chemistry and/or metal salt
solutions, as NP tended to agglomerate in the
colloidal suspension of metal oxide NP. Inkjet printing
has several advantages. To name a few, it has a direct
patterning (Wang et al., 2014), programmed printing
with precise droplet volume (Liu et al., 2015), low
operating cost, fast production rate, and lower
environmental effect than other techniques,
especially vacuum-based ones (Wang et al.,, 2014).
Moreover, it is implemented in ambient temperature
(Wang et al, 2014) and provides quick mass
production, as Liu et al.,, (2015) stated. Metal oxide
materials synthesized using inkjet printing have been
widely used for different applications, such as solar
cells, electronic devices, and sensors. More than 200
scientific publications have been published on this
subject area during the last decade (Liu et al., 2015);
however, inkjet printing techniques have not been
utilized yet in ASC applications. Since the size of dust
particles in Qatar ranges from 0.6 micrometers (um)
to 50 um (Javed et al., 2017; llse et al., 2018), coatings
and texturing should be in nanoscale range to
decrease the adhesion forces by minimizing the
contact area between the dust particles and the
surface (Polizos et al.,, 2018b), and to avoid the
accumulation of dust particles in between the surface
voids and textures. Likewise, surface texturing size
should be smaller than the solar radiation wavelength
to minimize photon scattering (Polizos et al., 2018b).
Finallyy, —material preparation (i.e., precursor
concentration) depends highly on the employed
technique. For example, to get an acceptable super

hydrophobic coating, the concentration in a spray
technique should be lower than the concentration if a
spin-coating is used (Polizos et al., 2018a) because
the higher concentration of the binder masks or
overcoats the silica NP and interferes with their
functionality. The present study aimed to synthesize
metal oxide coatings of TiO,, AIZO3, SnO,, and ZnO
using mixed-based (NP and metal oxide salts) and NP-
based precursors via inkjet printing techniques and
investigate their potential in ASC applications for PV
panels. To the best of the authors’ knowledge, no
study in the literature has addressed the preparation
and comparison of the four metal oxide-based
coatings for ASC applications prepared with the aid of
inkjet material printing. Inkjet printing is easy to use
and can be implemented at ambient temperature. It
has several advantages over other common
techniques for film fabrication, such as material
efficiency and less wastage due to programmed
printing with precise droplet volume, low operating
cost, fast production rate, and lower environmental
effect. This study was conducted in Qatar during 2021
and 2022.

Substrate cleaning

The soda-lime glass samples (Sigma—Aldrich,
MA, USA) of size 1” x 1” were used as the substrate
material for the coatings. The glass substrates were
cleaned to improve the ink’s wettability. Substrate
cleaning was performed following the procedure
reported by Buffiere et al., (2020).

Ink preparation

Metal nitrate hydrate based on zinc and aluminum
nitrates (i.e., Zn(NO,),-6H,0 and AI(NO,), - 9H,0), tin
chloride hydrate (SnCl, - 2H,0), nanopowder (ZnO,
AlO,, TiO, nanopowder), and SnO, NP ink of 7-20
nanometer (nm) in size were purchased from Sigma—
Aldrich. In this study, two metal oxide precursors,
i.e., pure NP-based ink and mixed-based ink (salt and
NP), were synthesized and deposited on the glass
surface by the inkjet printing technique following
the same procedure reported by Buffiere et al.,
(2020). NP-based ink was prepared by dispersing
the nanopowder with a size of 27-43 for Al,O, and
<100 nm for ZnO and TiO, in isopropanol (IPA) with
a volume ratio of 25:75 (powder: IPA). Ethylene
glycol (EG) was then added with a ratio of 25:75
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(precursor:EG) to adjust the precursor viscosity
(Rieu et al., 2016), except for SnO, NP-based ink, a
ready-made (as purchased) ink, where no further
modifications have been made. EG was added to
maintain the viscosity and the surface tension within
an acceptable range to the inkjet printer as described
previously (Cummins et al., 2012). According to Liu et
al., (2015), the recommended viscosity for an inkjet
printer was between 1 and 20 millipascal second
(mPa.s) and the surface tension was between 25
and 50 millinewton per meter (mN/m) (Cummins et
al., 2012). Furthermore, Quan et al., (2017) used a
mixture of salt-based ink solutions and NP. Salt was
used to lower the surface energy, and the NP was used
to increase the surface roughness, which enhances
the anti-soiling properties. To this end, the mixed-
based precursors using both NP- and salt-based inks
were prepared with equal volume for each NP and salt
(1:1). The NP-based ink was prepared following the
above-mentioned procedure, whereas the salt-based
ink was synthesized following the protocol adopted
in this paper (Rieu et al., 2016). However, TiO, salt-
based ink was prepared using a diluted solution of
titanium diisopropoxide bis(acetylacetonate) (TAA)
in IPA with a volume ratio of 1:20 of TAA:IPA, and a
homogeneous layer was observed (Buffiere et al,
2020). Fig. 1a and b show the different inks used in
the present study, their synthesis process, and thin
film formation mechanism.

Before printing, the ink viscosity was measured to
ensure that it fits within the acceptable range (Liu et
al., 2015). The viscosity at 26.5 degrees Celsius (°C) for
SnO, ink was 8.84 mPa.s, and those for ALO, and ZnO
inks were 12.8 mPa.s and 11.7 mPa.s, respectively.
The viscosity of TiO, ink was 2.3-2.6 mPa.s at 20°C.
The viscosity of all inks was within the recommended
range of drop-on-demand ink properties, which
should be between 1 and 20 mPa.s (Liu et al., 2015).
After testing the ink’s properties, it was loaded in the
cartridge and then clipped inside the Inkjet Dimatix
Materials Printer (DMP). A cartridge of 1-10 picoliter
(pL) nozzle with 16 total nozzles was used. A computer
connected to the printer controlled the coordinates,
path, time, and number of deposition cycles.

Coating approach

In this study, Fujifilm Dimatix Materials Printer
(DMP-2850) was used to deposit the metal oxide
precursors. To optimize the droplet dispatching out
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of the cartridge, the voltage for all precursors was
kept between 8 Volts (V) minimum (for the one pL
nozzle cartridge) to 17 V maximum (for the 10 pL
nozzle cartridge). The droplet interspacing was 30
pum, and the plate and cartridge temperature was
45°C. The 1-pL cartridge nozzle was used for all
precursors, except for AlLO,, where 10 pL was used,
as a more homogeneous layer was observed. Ten
layers were deposited. After each layer, the sample
was dried in the furnace at approximately 200°C for
10 minutes (min) in the air. The effects of different
surface textures were investigated using different
metal precursors to determine the optimal anti-
soiling texture to be deposited on the glass substrate.
Thus, different ink types were used in which a pure
NP and a combination of metal oxide salts and NP
were utilized to prepare the precursors, as shown in
Fig. 1a.

Thermal annealing

To ensure that the metal oxide thin film has
been formed, it was heated up to 450°C for 30 min
(thermal annealing) as per the procedure performed
by Buffiere et al., (2020). Thermal annealing was
performed at 450°C for 30 min at a heating rate of
30°C—-45°C/min.

Analysis techniques

To characterize the ink properties, viscosity was
measured using a Discovery Hybrid rheometer.
Approximately 5 milliliters (mL) of the ink was
dispensed on a standard Peltier plate, and shear
was applied using 60 millimeters (mm), 1° cone
geometry. The thin films were characterized
concerning the optical, structural, chemical, and anti-
soiling properties. Field emission scanning electron
microscopy (SEM) was used to characterize the top-
view morphology and topography of the coated
surfaces with 5 kilovolts (kV) using a JEOL 7610F SEM
system. Optical performance was assessed using an
ultraviolet-visible (UV-VIS) 5000 spectrophotometer
measuring direct transmittance and reflectance in
the wavelength range from 248 to 1000 nm (Karabay
et al, 2012). The water CA was measured by an
optical CA system (DSA25 Drop Shape Analyzer) with
a droplet volume of 2 microliters (uL) to test the
surface hydrophobicity/hydrophilicity. The water
droplet was held for approximately 40 seconds (s)
before photos were captured. Surface chemistry was
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Fig. 1: Research methodology (a) Chart flow of the formation mechanism of a metal oxide thin film and (b) synthesis process based on
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monitored using an X-ray photoelectron spectrometer ~ geometry (Rigaku SmartLab XRD), with an incidence
(XPS; Thermo Scientific ESCALab 250Xi). X-ray powder angle of 0.2°. The X-ray generator was set at 40 kV
diffraction (XRD) was performed to evaluate the  and 30 milliamperes (mA). The measurements were
crystallinity of the layer using grazing incidence XRD performed at (26). The outdoor experiment was

489



implemented by exposing the samples to real-world
environmental conditions for accurate simulation of
the anti-soiling properties. The samples were located
in one of the outdoor sites of the Mechanical and
Industrial Engineering Departmentin Qatar University.
They were placed at a tilt angle of 0° (facing the sky).
The required climate and weather information was
extracted from two weather websites: Weather
Underground and Civil Aviation Authority in Qatar.
During the experiment, dust removal was carefully
avoided, except for natural causes, such as wind
and rain. The mass of all samples was measured
and recorded by a balance scale with an accuracy of
0.0001 gram (g) before the outdoor experiment. The
experiment started on March 1, 2021, and lasted for
22 days. The mass of the samples was then measured
regularly (every 3 days). The difference between the
initial mass (before exposure) and the sample mass
at each reading was recorded. Similar to the work by
Isaifan et al., (2017), the dust deposition rate of each
sample was calculated by dividing the difference in
weight by the surface area of the glass (Eq. 1).

Deposition rate = (1)

Substrate mass after exposure - Substrate mass before exposure

Substrate's surface area

Optical properties

The optical transmittance (T%) and absorbance
(A%) spectra in the 248—-1000 nm region are shown
in Fig. 2a and b for different NP and mixed thin films,
respectively. In all thin film types, the performance of
Al,O, thin film was superior in terms of the average
transmittance and reflection, followed by ZnQO, TiO,,
and finally SnO,. An average transmittance gain of
0.10% and a reflection reduction of approximately
0.08% were observed with ALO, NP thin film over
the bare glass. This result agrees with those of similar
studies, i.e., the transmittance of the AIZO3-coated
substrate has increased (Kareem et al., 2011). The
improved performance wasattributed tothereduction
in reflection compared with the bare glass (Kareem et
al., 2011). Moreover, the NP-coated materials have
better transmittance and lower reflection than the
mixed thin films by approximately 0.89% and 1.21%,
respectively. This might be due to nano-voids and
surface roughness, which enhance the transmittance
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and reduce the reflection (Kauppinen et al.,, 2017).
A study reported that nanoscale texturing smaller
than the solar radiation wavelength minimizes
photon scattering (Polizos et al., 2018b). Hence, both
mixed and pure NP-coated materials have lower
absorbance values than bare glass. Furthermore, the
average transmittance of NP and mixed thin films was
higher than 90% in the visible region, except for SnO,
where it was higher than 85%. These results were in
conformance with several studies that have reported
the same observations using similar metal oxide
materials (Yamaguchi et al,, 2005; Kareem et al.,
2011). Interestingly, the transmittance of TiO, mixed
thin film in the visible region was approximately 87%,
which was lower than the transmittance observed
for TiO, of NP thin film (Arabatzis et al., 2016). The
absorbance A% was deduced using Eq. 2.

A%=100-(T%+R%) (2)

Structural properties

The XRD spectra of the metal oxide films were
obtained after the annealing process to determine
the phase and crystallographic structure (Fig. 3). The
XRD data revealed that the films deposited by both
precursor types (i.e., pure NP ink and mixed ink) were
not crystallized, as the diffraction peaks were weak
and broad. This is in agreement with previous results
on the characterization of metal oxide materials
(Legrand-Buscema et al., 2002; Sobczyk-Guzenda et
al., 2013), where the phase was amorphous for films
under heat treatments performed in 450°C-500°C
(Legrand-Buscema et al.,, 2002). Thus, the coated
thin films were amorphous, except for the SnO,
films. The results of the analysis of these spectra
indicated that the coatings prepared from both
precursor solutions correspond to the compound
SnO, with peaks of 26°, 33°, and 52° belonging to
(110), (101), and (211) planes, respectively (Aziz
et al., 2013). These peaks confirmed that the films
were polycrystalline. The influence of the precursor
type on the crystallographic orientation of the SnO,
films was also investigated. Accordingly, the XRD
patterns showed improved peak intensities of the
mixed precursors compared with those of the pure
NP ones. More specifically, the peak corresponding
to the (110) plane indicated a preferential growth,
as a higher intensity was observed over this plane.
Therefore, the crystallographic characteristics



Global J. Environ. Sci. Manage., 8(4): 485-502, Autumn 2022

Trarmymittiroy [

1 ==

Amomaron % |

T

Wawlergifs dnmi

(a)

TranamiEarem {m|

—
il
— 'iﬂl.'-‘:

Bare lass

hiwsinwad (W)

mn

W arerd il hi | s |

(b)

Fig. 2: Transmittance (T%) and absorbance (A%) of (a) NP films and (b) mixed films.

changed based on the precursor type, in which mixed
precursors showed better crystallinity. However, the
very broad peak observed around 26=25° in the XRD
pattern of ALO, originated from the glass substrate
(Huang et al., 2006).

Furthermore, SEM results revealed that
the coatings prepared using pure NP precursor

exhibited relatively smoother and finer nano- and
microstructure features in all the metal oxide samples
(Fig. 4 to 7 a-c). They were uniformly distributed
across the substrate area compared with the coatings
prepared using mixed precursors (Fig. 4 to 7 d-f).
Furthermore, the NP were more visible in the mixed
precursor samples than in the pure NP precursor
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Fig. 3: XRD results for mixed and NP-based inks: (a) ZnO, (b) SnO,, (c) Al,O,, and (d) TiO,.

Fig. 4: SEM images for ZnO for NP-based ink (a—c), and mixed precursors NP (d—f).
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Fig. 6: SEM images for Al O, for NP-based ink (a—c), and mixed precursors NP (d—f).
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SO0 mim

Fig. 7: SEM images for TiO, for NP-based ink (a—c), and mixed precursors NP (d—f).

samples (Fig. 4 to 7 c and f). Particle density and
surface roughness were significant in such samples.
In general, the NP sizes were uniform and spherical
in ZnO and SnO, mixed precursors. They were dense,
uniformly distributed, and well-connected over the
surface. Similar to the results of Firooz et al., (2008)
and Lu et al., (2010), a spherical morphology with
porous, regular, foam-like structure particles was
observed in both precursors. The synthesis procedure
used in preparing SnO, mixed ink was similar to that
used by Firooz et al., (2008) to produce SnO, NP. They
used SnCl,-2H,0 as a precursor, whereas SnCl,-2H,0
and SnO, NP were used in the present work. In both
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cases, SnO, NP were formed. In the case of ZnO, the NP
were similar to the one produced by Lu et al., (2010).
They used zinc acetate as a primary precursor and
deposited it using spin-coating techniques. According
to Firooz et al., (2008), the material’s morphology
was affected by the type of precursor and surfactant
used to prepare the precursor. Parallelogram features
were found in the SEM figure of the ZnO mixed thin
film (Fig. 4 (d) and (e)) and a flower-like shape in the
SnO, mixed thin film (Fig. 5e). On the contrary, the
Al,O, mixed thin film showed a leaf-like structure, and
the TiO, mixed thin film exhibited an agglomeration of
particles in some areas rather than a homogeneous
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Fig. 8: XPS results of NP, salt, and mixed-based inks: (a) ZnO, (b) SnO,, (c) ALO

coverage to the substrate (see Fig. 6e and Fig. 7f).
In TiO, mixed thin films, the granular structure can
be seen in some surface areas. This may negatively
affect mechanical stability, as these agglomerations
adhere to the surface by the weak Van der Waals
forces (Shang et al., 2016). The stability over time of
these coatings should be further investigated. In the
case of TiO,, the coatings exhibit a similar structure as
that observed by Legrand-Buscema et al., (2002), in
which the samples were annealed at 400°C. The grain
size was claimed to be smaller, and the porosity was
lower with a low annealing temperature (<500°C).
These results are in good agreement with those
reported by Saini et al., (2007).

Chemical properties

Fig. 8 shows the XPS results with the Zn2p spectra
representing the binding energies of Zn2p,, and
Zn2p,, for Zn*-related peaks located at 1044.7 and
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and (d) TiO,.

273

1021.5 eV, respectively (Chiu et al., 2015). Similarly, the
AlLO, sample demonstrated that the Al2p spectra were
decomposed into two peaks at a binding energy of
74.5 eV for the Al2p, , corresponding to the peak AI-O
(Bouabibsa et al, 2018). For TiO,, the Ti2p had two
spin-orbital splittings of Ti2p, ,at 458.5 eV and Ti2p, ,
at 464.3 eV. These positions indicated a Ti* valence
state of TiO, (Potlog et al., 2014). However, the Sn3d
core-level spectrum showed spin-orbital splittings of
Sn3d5/2 and Sn3d3/2. The binding energy position of
the Sn3d, , component was located at 486.0eV, while
the binding energy position of the Sn3d3/2 component
was located at 495.0 eV, corresponding to a SnO, state
(Xia et al., 2014). No clear signal from the metallic Sn
at 485.0eV can be observed. The corresponding O1s
spectrum in all samples was also given. The fitting
indicated a metal-O component at 530 eV and other
carbon-related contamination at higher binding
energies (Lortie et al., 2015).



Anti-soiling properties
Contact angle measurements

The CA measurement was higher in NP coatings
than in the mixed ones, and this was found in all the
tested samples, except for ZnO, where the CA was
approximately 33° in NP coatings. The smallest CA
among all samples was 8.5° in Al,O, mixed coating,
while the highest was 47.8° in TiO, mixed coating.
Similar results were obtained by a previous work on
TiO, nanofilms developed for anti-soiling application,
which reported a CA of approximately 41° (Buffiere
et al., 2020). Therefore, all coated layers tended to
be hydrophilic/super-hydrophilic. SnO, showed the

lowest CA in general. Paul et al.,, (2014) reported a
CA of 11.8°, which was close to the values obtained
in the present study, whereas the CA of TiO, was
slightly higher, with a value of 37.4 ° (Talinungsang
et al., 2017). The presence of fine NP in both thin
film types of SnO, samples increased the surface
roughness, leading to a relatively low CA and thus
enhanced wettability and hydrophilicity properties.
They have a super-hydrophilic nature with a CA close
to 0°. In this study, the CA of ZnO was lower than that
reported by Jongnavakit et al., (2012), considering
the same annealing temperature. Jongnavakit et al.,
(2012) reported that the lowest CA was 58° for the
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Fig. 9: Contact angle measurements to assess the hydrophilicity of (a, b) ZnO-coated samples based on mixed ink and NP ink; (c, d)
SnO,-coated samples based on mixed ink and NP ink; (e, f) Al,O,-coated samples based on mixed ink and NP ink; (g, h) TiO,-coated samples
based on mixed ink and NP ink.
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Fig. 10: Dust deposition rate for 22 days on uncoated versus coated samples.

sample prepared by dip-coating with a withdrawal
speed of 3 centimeters per minute (cm/min) (Na et
al., 2019), whereas Lin et al., (2009) reported a CA of
approximately 60°. However, the CA was comparable
with that reported by Lu et al., (2010), when exposed
to UV light for 10 min. Accordingto Wangetal., (2004),
the CA of Al,O, was 5°, which was in agreement with
the CA of 8.5° of the mixed-based thin film in the
present study. On the contrary, the CA of the NP-
based thin film was similar to the results obtained by
Na et al., (2019) where the Al O, films were printed
using a screen mask. However, Cho et al., (2018)
deposited AlLO, NP by spray techniques. Their CA was
62°, which was significantly higher than the CA value
of the NP-based thin film measured in the present
study. Accordingly, the surface’s hydrophilicity might
be enhanced using different precursors (Fig. 9) and
is dependent on the deposition techniques, as the
morphology and roughness of the coated layer
were affected and, accordingly, the CA values were
affected. Finally, the hydrophilic property is critical
in reducing the frequency of mechanical cleaning,
especially in arid regions, as it reduces and releases
the burden on water use, which is a scarce resource
in such regions (Isaifan et al., 2018).
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Outdoor experiment

To accurately assess the process of dust
accumulation on surfaces over time and decouple the
influence of otherfactorssuchasthetiltangle, samples
were placed horizontally, and the dust deposition
rate is plotted in Fig. 10. Weather conditions were
reported during the study period. The temperature
ranged from 14°C to 40°C, the humidity was 49%
on average, and the wind speed was 3.88 meters
per second (m/s) on average. According to Gholami
et al., (2017), the results might not be applicable
for the same location in other weather conditions;
however, they gave a deep insight into the soiling—
substrate relation. For all films, dust accumulation on
the surface increased with exposure time. However,
as shown in Fig. 10, which shows the dust deposition
rate per surface area, a significant decrease was
found in the dust deposition rate (between 2.51%
and 59.80% reductions) on all coated samples
compared with the bare glass substrate. All mixed
thin films, except for SnO,, showed the minimum
dust deposition rates. Al,O, mixed-based ink sample
showed the lowest value, while the SnO, NP-based
ink sample showed the highest one. Therefore, the
mixed-based inks, especially Al,O,, ZnO, and TiO,,



are promising materials for ASC applications. This is
because the salt-based ink lowers the surface energy
(i.e., enhances hydrophilicity), whereas the NP-based
ink boosts the surface roughness, which enhances
the anti-soiling properties (Quan et al, 2017).
Furthermore, nano-voids and surface roughness
enhance the transmittance and reduce the reflection
(Kauppinen et al.,, 2017). NP-based ink comes as
another alternative in which AIZO3’ Zn0, and TiO, have
proven to be efficient ASCs. Furthermore, for both
ink types (NP and mixed-based inks), AlLO, coating
showed the best anti-soiling performance, whereas
SnO, demonstrated the lowest one.

Soiling is one of the main issues inherent to PV
applications for energy generation, especially in
desert regions where the weather is characterized
by high levels of particulate matter and dust
formation. Although several cleaning methods have
been suggested, the ASC is one of the promising
mitigation techniques for dust accumulation. It
reduces the operational and maintenance costs and
associated cleaning water consumption. This study
investigated the deposition of metal oxide thin
films prepared by inkjet printing. To the best of the
authors’ knowledge, this is the first study to report
on using films developed through inkjet printing for
anti-soiling applications. The fabricated films were
extensively characterized and have different textures
and morphologies. Two metal oxide precursors were
tested, namely, the NP ink and the mixed-based
ink. The coated thin films degraded the substrate’s
transmittance for nearly all precursors; however, a
better optical performance was observed with the NP-
based coatings. This enhanced performance might be
due to a lower reflection triggered by the NP’s voids,
which reduce the spectra scattering and deterioration
and, accordingly, boost the optical transmittance.
The surface morphology and profile of the coated
layers were also evaluated. NPs were much more
visible in mixed-based coatings than in NP-based
ones. The CA values ranged from super-hydrophilic to
hydrophilic (minimum of 8.5° and maximum of 47.8°).
To validate the results of the outdoor tests, anti-
soiling properties were further tested by exposing
the samples in one of the open-air sites of Qatar
University. The outdoor experiment revealed that
mixed-based thin films were better in reducing dust
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deposition than NP-based thin films and bare glass.
More specifically, approximately 60% less dust was
deposited on the best-performing film (Al,O, mixed-
based ink) compared with bare glass. Furthermore,
ALO,, Zn0O, and TiO, are promising materials for ASC
applications for both ink types. Further studies on the
efficiency, mechanical stability, and coating properties
of anti-soiling films should be performed, especially
in the outdoor environment. Moreover, measuring
the effect of radiation and power output with and
without coatings is recommended for practical
applications and commercialization purposes.
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The study of hydrodynamics, especially in coastal
areas, is an important thing that needs to be done.
Hydrodynamics is one of the water control systems
that have implications for the distribution of marine
life: transport of fish eggs and larvae (George et al.,
2013). It makes the hydrodynamics of the waters play
a role in the sustainability of aquatic biodiversity.
Monsoonal wind and density are driving forces for
the hydrodynamics in the coastal area. In particular,
coastal areas, tidal currents regulate material
transport and biological processes and control the
intensification of materials in the waters (Koropitan
et al., 2006). The current patterns greatly determine
water quality, oxygen distribution, temperature,
salinity, nutrient supply, primary productivity (Porter
et al., 2018). Tides and currents are significant
for coastal development planning, management,
conservation, fishing, and coastal mitigation.
Understanding the hydrodynamic aspects of the
waters requires a long and expensive field study and
an applicable completion method. The best solution
that can be done is through a three-dimensional
modeling approach as a prototype of the natural
and factual conditions. This approach has been
carried out in several other areas, including Mayalibit
Bay, Raja Ampat-Indonesia (Budiman et al., 2014),
Tomori Bay, North Morowali-Indonesia (Sabhan et
al., 2021), the Malacca Strait-Indonesia (Haditiar et
al., 2020), the West Coast of Badung Regency, Bali-
Indonesia (Adhibusana et al.,, 2016), Benoa Bay-
Indonesia (Hendrawan et al., 2005), and Ambon Bay
(Noya et al., 2016; Noya et al., 2021). The modeling
approach can be used in various water conditions,
including archipelagic waters. One of the archipelagic
areas with high urgency to study its hydrodynamics
in Misool Islands. Misool Islands are the largest
marine protected area with the highest biodiversity,
located in the Raja Ampat Islands, Indonesia. Misool
Islands are characterized by zonal-lined coral reef
substrates and varying bathymetry (1 to 500 m).
The combination of the original characteristics
of the islands and the tidal dynamics produces
variations in circulation (Zhang et al., 2018). These
interactions generate internal waves and stimulate
mixing (Sabhan et al., 2019). The shape of the waters
of Misool Islands is semi-enclosed and resembles a
channel, affecting tidal wave propagation (Ferrarin
et al., 2018) and sensitivity to bathymetry (Pringle et
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al., 2018). Several studies that have been conducted
on Misool Islands are still limited to the fisheries
aspect, namely capture fisheries management (Sala,
2018), the ecological status of fish in Misool marine
conservation (Sala et al.,, 2020), observations of
the Misool marine lake ecosystem (Purba, 2020;
Sawairnathan and Halimoon, 2017), monitoring
grouper spawning areas. Studies that underlie these
aspects, including hydrodynamics, have never been
carried out. Position of the Misool waters in the
Papuan bird’s head seascape network is passed by
the Pacific water masses to the Indian Ocean. What
is the influence of the Pacific water masses in the
Misool Islands? The geographical position of the
Misool waters, complex geomorphology, and coral
reef substrates create a unique circulation pattern,
and this statement needs to be proven. What is the
impact of complex geomorphology and coral reef
substrate on flow patterns in the waters of the Misool
Islands, West Papua? The present study aims to
examine the hydrodynamics processes of the Misool
Islands. The objectives of this study are to investigate
the characteristics of waters masses and to analyze
the impact of complex geomorphology and coral reef
substrate on flow patterns in Misool waters. This study
has been carried out in Misool waters during 11 - 14
May 2019 for water mass measurement and during
9 - 21 January 2020 for ocean current measurement.

Area study

Misool Islands are located in the Raja Ampat
Archipelago, West Papua Province, Indonesia. The
islands have an area of 2,034 square kilometers with
the highest elevation of 535 m above sea level. This
island is located on the bird’s head of West Papua
and is directly adjacent to the Seram Sea on the
south and west sides and the Halmahera Sea on
the west. The waters of Misool Islands have shallow
bathymetry on the east and south sides, while the
west and southwest sides are deep. The water depth
ranges from 1 to 500 m. Misool Islands are one of the
world’s coral triangles with high biodiversity and are
the largest conservation area in Raja Ampat (346,189
ha). Besides coral reefs, Misool Islands’ biodiversity
includes turtles, manta rays, saltwater crocodiles,
seagrass beds, and mangroves. Misool Islands waters
are also one of the transmigration routes of whales
and octopuses.
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Fig. 1: Geographic location of the study area and station sampling in Misool, West Papua, Indonesia

Field sampling

Tidal forces and geomorphology were controlling
current patterns in the Misool waters. Identification
of the Misool waters characteristics (depth,
temperature, conductivity, density) vertically and
horizontally was carried out using Conductivity-
Temperature-Depth (CTD) equipment at 22 stations
during 11 - 14 May 2019 (Fig. 1). The CTD was
deployed slowly at each station until closed to the
bottom water (monitored directly via the control unit
on the boat). The bathymetry (interval 10 m - 100
m) around Misool Islands was recorded using Single-
Beam Echosounder G-2108. The echosounder was
installed on the boat and recorded on a pre-set path.
The pre-set path is perpendicular to the shoreline
and concentrated on coastal areas and small islands.
To avoid bias, the boat speed is adjusted around 2.5
m/s - 3.0 m/s (Koropitan et al., 2021). The current was
observed 13 days (9 - 21 January 2020) by employing
the Acoustic Doppler Current Profiler (ADCP) SonTek
Argonaut-XR (accuracy 0.5 cm/s). The ADCP was
deployed at 27 m depth, equipped with buoys and
anchors, and recorded every 15 minutes in 10 water
column layers.

Hydrodynamic modeling

The ecological processes of Misool waters were
approached using the three-dimensional (3D) numerical
model by using MIKE3. Numerical solutions are based
on the Navier-Stokes equation, the Boussinesq
approximation, and hydrostatic pressure. The turbulent
waters conditions were determined using the eddy
viscosity concept. Turbulence parameters using the
standard k-e (Canuto et al, 2001) and vertical eddy
viscosity using the concept of Smagorinsky (1963).

The continuity is used as Eq. 1.

v ow_ g

dx 0y 0z - (1)
The horizontal momentum for the x-component

is used as Eq. 2.
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The horizontal momentum for the y-component
is used as Eq. 3.
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Model set-up, initial conditions, and boundary conditions

The Misool waters system is designed in a flexible
mesh based on sigma coordinates (10 layers). The
model domain is set to 7000 Km?, 100 Km in zonal
direction, and 70 Km in the meridional direction. The
flexible mesh is also made in detail in the east-south
Misool (conservation area). It also accommodates the
simulation’s tides, wind, salinity, and temperature.
The time step was 30 seconds, 3D turbulent variables
used k-epsilon, and vertical viscosity factors followed
the Smagorisky formula based on an earlier study
(Pradhan et al., 2020). Based on the pre-test, it was
found that the best viscosity and vertical diffusivity
coefficient in Missol waters are 1.8x10° m?/s, higher
than the previous study, which only 107 m?/s (Seiler
et al., 2020). The roughness sensitivity (Manning
number) and horizontal turbulent viscosity are 0.02
- 0.05 and 1 m?/s - 10 m?/s. At the initial condition (t
=0), the waters conditions were assumed constant in
all computational domains, and without vertical and
horizontal disturbances (u = v = n = 0). Temperature
and salinity are initialized vertically at the open
boundary (Sorourian et al., 2020). At the open
boundary, the current is generated from the tide,
temperature (29°C), salinity (33 PSU), and wind. The
Misool sea level elevation data originated from the
tide model in the toolbox of the Danish Hydraulic
Institute (DHI). The temperature and salinity are
derived from CTD measurements. The wind obtained
from the European center for medium-range weather
forecasts (ECMWF) reanalysis (0.125° by 0.125°
resolution) in two years (2019 - 2020).

The current profile of Misool waters

The ADCP data showed that the current is varied
among layers. The strongest current (maximum 0.86
m/s, an average of 0.26 m/s) was recorded near-
surface layers. The weakest (maximum 0.36 m/s,
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an average of 0.10 m/s) was near the bottom. This
study found that the currents vector is not in line
with depth (Fig. 2). This weakening is due to the
non-linear impact of weakening winds on depth and
increasing base resistance (Lee dan Beardsley, 1999).
Misool waters with coral reef substrate have a high
bottom resistance and reduce the current velocity.
Layer 1 to 4 the current variation is homogeneous, a
maximum of 0.36 m/s - 0.39 m/s, a minimum 0.001
m/s - 0.003 m/s and an average 0.01 m/s - 0.14 m/s.
Layer 5 and layer 6 maximum current is 0.44 m/s
and 0.59 m/s, an average 0.17 and 0.20 m/s and a
minimum 0.004 m/s. Layer 7 to 10 maximum current
0.73 m/s, 0.83 m/s, 0.86 m/s, and minimum 0.006
m/s. Hadikusumah (2010) finds a similar pattern.
The Misool waters current varied 0.002 m/s - 0.74
m/s. The current direction shows an alternating
regularity pattern, describing Misool waters as the
dominant tidal current. The main current direction
to the northeast and southwest align with the tidal
propagation. The current vector in layers 1 to 3 is
dominant to the southwest (200° - 250°), with 22.68%
- 24.37% frequency. Layers 4 to 9 are dominant to
the northeast (20° - 70°) with a frequency of 32.05%
- 35.24%, and layer ten dominant current 34.11%
moving to the southwest (200° - 250°). The dominant
current towards the northeast and southwest ensures
that the dominant force of the Misool waters is tidal.
At high tide, the current enters the Misool waters to
the northeast and at low tide to the southwest. The
waters of Misool are open on the west and south
sides, bordering the Seram Sea. The Mainland of
Papua connects the east side, contributing to the
arrangement of the alternating flow pattern. The
current circulation formed is the resultant of all the
constituents of the current force. The separation of
the tidal currents and residual currents indicates that
the tidal currents are dominant. The maximum current
was 0.64 m/s, the maximum residual current was
0.22 m/s. The non-linear effect is seen in the residual
current with an irregular direction. Tidal currents
create a regular pattern; at high tide, it moves to the
northeast and at low tide to the southwest. Tidal
currents to the northeast (20° - 70°) with a frequency
of 42.70%, a maximum speed of 0.32 m/s, and an
average of 0.15 m/s. The southwestward current (200°
- 250°) has a frequency of 21.35%, a maximum of 0.31
m/s, and an average of 0.14 m/s. The percentage of
tidal currents during the flood was more dominant
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Fig. 2: Water current profile at ten layers (a); the separation of the tidal current (b) and residual current (c) components averaged to depth.

than low tide. Misool Islands are characterized by
the mixed tide: semi-diurnal tides with two high
tides and one low tide. The residual current flow is
random, to the northeast, southwest, northwest,
north, and southeast, with frequencies of 26.22%,
20.97%, 11.61%, 10.49%, and other 9.74% spread
out in various directions with a small percentage.
Unidirectional with the westerly monsoon that blows
over the Misool waters in January, the dominant
residual current spreads to the northeast. There is a

positive relationship between the westerly monsoon
and residual current, the westerly monsoon from
the southwest, and the dominant residual current to
the northeast. The progressive vector of the residual
current to the northeast has a maximum speed of
0.18 m/s, with an average of 0.08 m/s. The residual
current to the southwest has a maximum speed of
0.22 m/s and an average of 0.11 m/s. The velocity of
the residual current that moves to the southwest is
greater than the northeast direction.
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Fig. 3: The observation of spatial vertical temperature of Misool waters

Temperature and salinity of Misool waters

The characteristics of the Misool waters
(temperature, salinity, density) are based on CTD
recording data. This study found that the vertical
water’s temperature ranged from 28.9°C to 29.7°C,
with an average of 29.5°C (Fig. 3). This temperature
is characteristic of warm tropical waters. These
findings were confirmed by a previous study that
found the tropical waters have a surface temperature
greater than 28°C and a range of 28°C - 30°C, and
temperature variations increase towards the ocean
(lahude and Gordon, 1996). Fig. 3 shows the vertical
temperature profile from 0 to 350 m (CTD depth
limit). The southern CTD station in Misool waters
found that the vertical temperature varied between
14°C - 29.7°C, indicating mixed and thermocline
layers in the water column. The other areas (east,
northeast, and southeast) show the homogenous
layers in the water column (Fig. 3). The homogenous
layer is due to the shallow waters in those areas,
combined with the strong current, which is the main
energy for the mixing force. The maximum mixed
layer depth (MLD) on Misool water was 100 m and
characterized by homogeneous temperature (25.5°C
- 29.5°C). The MLD shows different depths at several
observation stations but has a similar pattern.
The local thermocline layer in tropical waters is
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characterized by extreme temperature changes
(over to 20°C) (Hutabarat et al., 2018) and changes
in the density of 0.15 kg/m? for each added 10 m
depth (Thomson and Emery, 2014). This study found
a declining temperature of 20.0°C - 21.5°C at a depth
of 100 m, the thickness of the thermocline layer
reaches 100 m, and the boundary between the lower
thermocline and the inner layer is at a depth of > 250
m. The vertical salinity distribution for each station
is invariant between stations and in line with the
depth increase (Fig. 4). Depth 0 m - 100 m salinity is
homogeneous, increasing at deeper depths. A depth
of 100 m - 200 m indicates a halocline layer with
significant salinity changes and a salinity core found
at a depth of 150 m (34.25 PSU). The salinity profile
is homogeneous on the northeast of the Misool
waters, ranging from 32.45 PSU to 33.45 PSU. The
surface salinity showed homogeneity in the range
of 32.50 PSU. The vertical profile has an increasing
salinity variation with depth 32.00 PSU - 34.25 PSU.
The horizontal profile of salinity has a similar pattern
to the temperature. The maximum salinity of 32.50
PSU was found at the Parongket Island station. The
minimum salinity was found in the coastal area near
the mainland of Papua. Low salinity is found at the
mainland boundary due to freshwater intrusion from
the Misool Islands and the west side of the river
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Fig. 4: The observation of spatial vertical salinity of Misool waters

discharge from the Kaimana and Bintuni Islands. Fig.
4 shows the vertical salinity distribution in the 0 m
- 50 m layer of 32.15 PSU - 32.50 PSU. The salinity
increases of 33.10 PSU - 33.90 PSU at a depth of 50 m
-100 m, and the maximum salinity is found at a depth
of 150 m, which is 34.25 PSU. The salinity dropped
to 33.85 PSU again at a depth of 200 m to the CTD
depth limit. This pattern only occurs on the west and
southwest sides. The east, northeast, and southeast
are homogeneous vertically. In the southwest and
south, at a depth of 150 m, the observation station
between latitude -2.3° and longitude 130.2° - 130.4°
forms a high salinity front. It is possibly due to the
high salinity spooky seawater mass in the south and
southwest touching with the origin water mass of
Misool. As a reference, it is known that the waters off
the coast of the Seram Sea have a salinity > 34.5 PSU,
which is advanced than the salinity of the Misool
waters < 33.5 PSU.

Characteristics of the Misool water mass

The Misool water mass description is illustrated
in the TS diagram (Fig 5). This diagram found that
the salinity increases (maximum of 34.25 PSU) from
the surface to 200 m depth and then decreases at a
depth of more than 200 m. It is shown by the sigma-t
value, which drops at a depth of more than 250 m. At

a depth of 150 m - 200 m, salinity is stable at 33.75
PSU -34.00 PSU and a sigma-t value of 24.5 kg/m3.
There is no similarity between the Misool water mass
and the North and South Pacific water mass based on
the TS diagram. It indicates that the water mass
in our study area originates from Misool waters. The
Misool waters are in a Papuan bird’s head seascape
network, where Pacific water masses cross the seas
as Indonesian Throughflow (ITF). Halmahera eddy
deflects Pacific water masses that flow through the
eastern route. The rest is pushed through the Maluku
Sea and the Seram Sea, entering the Banda Sea and
exiting Indonesian waters through the Flores Sea and
the Timor Sea. The water mass of the ITF is a mass of
deep water that flows at a depth of more than 100 m,
while the waters of the southeast Misool are shallow.
This finding aligns with Radjawane and Hadipoetranto
(2014), which stated that the ITF originating from
the North Pacific and South Pacific via the eastern
route does not flow directly to the Misool Islands
waters. Hadikusumah (2010) explained that the
Misool waters in the mixed layer to a depth of < 100
m found a temperature range between 29.26°C -
27.00°C and salinity between 33.90 PSU - 34.21 PSU.
These conditions exhibit characteristics analogous to
those obtained in this study. The characteristics of
the waters (Fig. 5) show that the mixed layer is found
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Fig. 5: The observation of vertical density potential and TS diagram of Misool waters

Table 1: Comparison of tidal current (ellipse constituents) between model results and observation

Layer Tifjal Delta major ellipse D'elta minor Delta inclination (degree DeI}a phase

constituents (cm/s) ellipse (cm/s) from the east) ('GMT)
1_bottom K1 8.22 1.58 0.71 128.83
4_column K1 3.03 0.25 25.34 150.17
7_column K1 1.24 0.88 22.30 145.16
10_surface K1 6.79 0.94 3.78 145.94
1_bottom M2 2.65 1.58 26.83 12.68
4_column M2 1.24 3.79 7.02 15.14
7_column M2 2.28 2.08 13.54 0.28
10_surface M2 4.32 3.43 11.96 23.13
1_bottom o1 2.74 3.39 36.09 77.60
4 _column o1 0.86 0.62 5.77 79.62
7_column o1 1.99 0.94 3.59 81.30
10_surface o1 1.52 0.77 8.19 76.09
1_bottom S2 0.32 0.92 7.35 4.54
4_column S2 0.82 0.19 8.88 4.68
7_column S2 0.21 0.03 19.41 16.99
10_surface S2 3.94 0.69 24.86 8.68

at a depth of 50 m with a temperature of 27.5°C - salinity characteristics, with the green line reaching

29.0°C and salinity of 32.5 PSU - 32.8 PSU; at a depth a maximum salinity of 33.8 PSU found at a depth of
of 50 m - 100 m, the temperature decreases to 24.5°C 150 m - 200 m.

- 25.5°C and salinity of 33.5 PSU - 33.6 PSU. It is

found that significant temperature changes of 22°C Hydrodynamic modeling of Misool waters

- 17.5°C at a depth of 125 m - 225 m. TS diagram Model verification

shows red and green lines, indicating different The model results and field observations were

510



verified to be very good and coherent, showing the
same regularity pattern. Table 1 shows the deviation
of the four major constituents in the four water layers.
The difference in values for the major ellipse is 0.21
cm/s - 8 cm/s and the minor ellipse is 0.03 cm/s - 3.79
cm/s. The model results and observations also show a
small phase difference value. The smallest difference
in the main tidal ellipses of the main luni-solar diurnal
(K1), main lunar semi-diurnal (M2), main lunar diurnal
(01) and main solar semi-diurnal (S2) is 1.2 cm/s, 1.2
cm/s, 0.86 cm/s and 0.21 cm/s. The difference in the
maximum inclination value of 36.09° is much lower
than required (45°) (Koropitan et al, 2021). The
model applied to the Misool waters gives excellent
results in describing the natural characteristics.

Fig. 6 shows the tidal current ellipse of the
diurnal constituents (K1, O1) and the semi-diurnal
constituents (S2, M2). An acceptable current ellipse
will show a pattern of model results in line with
the observations. The elliptical vertical tidal current
structure has a low amplitude to depth for K1, 01,
M2, and S2 constituents. The elliptical vertical tidal
current structure has a low amplitude to depth for
K1, 01, M2, and S2 constituents. The ellipses of
major and minor axes, the direction of rotation, and
constituent phases K1 and M2 rotate to the right. On
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the layer near the bottom, the rotation changes to
the left. It is could be due to stratification (lzquierdo
dan Mikolajewicz, 2019). In all water column layers,
the elliptical rotation of constituents O1 and S2 is
consistent to the right. Based on the geomorphology,
the tidal elliptical constituents K1, 01, S2, and M2
are oriented parallel to the central axis on Misool
Islands. Tidal currents move gradually from south
to southwest. The maximum tidal current K1 was
recorded near the surface. The principal axis velocity
(30 cm/s) is obtained near the surface and decreases
as depth increases. The layer near the bottom has
a speed of 5 cm/s. The tidal current ellipse of the
constituents 01, M2, and S2 shows similar to K1 but
with different values. The maximum velocities of the
tidal currents O1, M2, and S2 occur in the layer near
the surface at speeds of 15 cm/s, 50 cm/s, and 10
cm/s. Verification of the modeling results still shows
differences in velocity, orientation, and phase for each
constituent. The difference is thought to be due to
the non-linear factor value, which is not absolute yet
but is close to absolute. The Misool waters have non-
uniform basic substrate characteristics in all model
domains. The value of the necessary roughness is
represented by the constant Smagorinsky value and
causes errors in the modeling computation. These
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Fig. 6: Comparison between field observations (red) and model (blue) results for M2, 01, K1, S2 tidal currents
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errors can be minimized by using a high-resolution
domain grid and nesting in a single execution.

Simulation of tidal current patterns

Tidal forces dominate the main generator of the
Misool water circulation. The main tidal constituents
of Misool waters are M2, S2, K1, and O1. The ellipse
of the Misool waters spatially shows variations in
the range of 1.5 to 65 cm/s. Strong currents are
noticed between the mainland and surrounding the
islands in the strait system, and slow currents near
the shore. Misool waters are the waters around the
islands with a flow pattern following the topographic
contours. The inflow and outflow follow flood and
ebb conditions. The amplitude and propagation of
tides vary. Significant velocities are seen at the land
boundary inlet and narrow passages. This condition
is in line with what was found by Sorourian et al.
(2020); Sabhan et al. (2021). Misool with archipelagic
characteristics, random bathymetry, and coral reef
substrates influence tidal dynamics. Tides and their
propagation are controlled by geomorphology and
irregular coastlines (lvanov et al, 2020). These

column. The interaction of barotropic tides with
geomorphology triggers well mixed. This pattern can
be seen on the southwestern and northeastern sides.
Homogeneous waters with strong currents occur
on the shallow northeast side. On the southwest
side, stratification is visible. Tidal and topography
interactions modulate diurnal and semi-diurnal tidal
ellipses (Quaresma dan Pichon, 2013). Topographic
interactions affect the tidal amplitude and induce
strong currents. The coral bathymetry provides
greater basic friction (Colberg et al., 2020), the decay
of energy by friction results in an amplitude decay
(Cook et al., 2019). Topographic characteristics
make the tidal propagation pattern at flood and ebb.
Complex topography in Misool Islands produces the
tidal propagation pattern during flood and ebb tides.
The mainland of Papua deflects the tidal propagation
on the east and northeast sides; in the west, the
tidal propagation is held back by Halmahera Island.
Strong currents in the Halmahera Strait and the
Maluku Islands in the south a role in pushing the
water mass to the southeast, leaving the Misool
waters. The magnitude of the tidal constituent varies

conditions stimulated the mixing of the water in its propagation, and this is due to water geometry
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Fig. 7: The calculated K1 tidal current in layer-1 near the bottom (a), layer-4 of water column (b), layer-7 of water column (c), and layer-10
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factors (Rijn, 2011). Tidal deformation of the waters
is increased by lateral constriction (Pradhan et al.,
2020). The isoline amplitude follows the depth
contour. The signal of the semi-diurnal constituent is
more robustin the ocean thaninthe coastal area. The
tidal propagation of M2 and S2 constituents, from
southeast to northwest, has a phase difference of
40°. Tidal current velocity for all diurnal constituents
(K1, 01) and semi-diurnal constituents (M2, S2) is
strong along the shallow part in northeastern, and
also part of channel between Misool Islands and the
mainland. The current velocity constituent of K1 has
a maximum of 50 cm/s, and an average of 20 cm/s.
Vertically the velocity shows variation. The maximum
velocity occured in the layer near the surface
reaches 50 cm/s, an average of 20 cm/s, and in the
layer near the bottom, the top speed is 40 cm/s, an
average of 17 cm/s (Fig. 7). The O1 tidal currents
show a similar pattern to K1 tidal currents. Large
velocity occurs at the strait and the continental shelf
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boundary with reduced velocity near the bottom
(Fig. 8). The 01 constituent has a maximum velocity
of 28 cm/s with an average of 11 cm/s in the near-
surface layer. The near-bottom layer has a maximum
of 20 cm/s with an average of 9 cm/s. Figs. 9 and
10 show that the semi-diurnal tidal currents have a
similar pattern with the diurnal tidal currents with
different velocities. The M2 surface tidal currents
have a maximum of 65 cm/s and an average of 29
cm/s. The S2 surface tidal currents have a maximum
of 20 cm/s and an average of 10 cm/s. The tidal
currents in Misool waters show a strong influence
by the semi-diurnal tide, particularly M2. The tidal
currents vary in vertical profile with maximum
velocity in the layer near-surface and decrease near
the bottom layer. Strong velocities are also formed
along the boundary area for all tidal constituents. In
the case of Misool waters, the vertical stratification
is less, resulting in a small effect on inducing currents
due to stratification.
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Fig. 10: The calculated S2 tidal current in layer-1 near bottom (a), layer-4 of water column (b), layer-7 of water column (c), and layer-10 at
the surface water (d)
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This  study successfully investigates the
characteristic water mass and hydrodynamic
processes of Misool waters. The depiction of the
water mass characteristics of Misool waters, as the
Tpot-S diagram, does not show similarities to the
water masses of the north and south Pacific water
masses. It is characterized as origin water masses
from the Misool waters. The water column is stable
until the CTD depth limit; the surface layer to a
depth of 200 m increases with a maximum salinity
of 34.25 PSU, salinity decreases at a depth of 200
m to the CTD depth limit. The Misool waters are in
a Papuan bird’s head seascape network, and the
Pacific water mass passes these waters as the ITF.
Still, the Pacific water mass has no impact on the
Misool water masses. The Halmahera eddy deflects
the Pacific water masses that pass through the
eastern route, and the rest is pushed through the
Maluku and Seram Seas. The water masses from
the Pacific Ocean flow mainly at a depth of more
than 100 m, while the southeast Misool waters are
shallow. Based on modeling and observations data,
it was found that the tides are the main force that
generates water circulation on the study site. These
characters are represented from ADCP recording
(maximum tidal current 65 cm/s, and maximum
residual current 25 cm/s). The modeling showed that
50% of the tidal current formation components are
semi-diurnal (M2) components, followed by K1, O1,
and S2 components. The currents generation by wind
and baroclinic properties showed the non-significant
value and produced small horizontally and vertically
stratification. It indicates that it has minimal effect
in inducing current circulation. The tidal component
amplitudes are rectified at the continental margin
for all diurnal (K1, O1) and semi-diurnal (M2, S2)
components. The tidal component vertically varies
with the strongest magnitude in the near-surface
layer. The Misool Islands are characterized by mixed
tidal, prevalence to semi-diurnal. It is confirmed by
the maximum speed of each component, which is 67
cm/s, 50 cm/s, 28 cm/s, and 20 cm/s for M2, K1, O1,
and S2. Based on echosounder data, the bathymetry
of Misool waters is varied between 1 m to 500 m
depth. It also noted that the seabed forms an extreme
slope around the coral reef islands (100 m - 200 m
from the coastline). The island’s geomorphology
and coral reef substrates impact the rectification of
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tidal currents. Shallow bathymetry is on the eastern
and northeastern sides of the islands. It creates the
decay of tidal energy at high tide that propagates to
the east and northeast. Tidal energy is strengthened
during propagation towards the west, southwest, and
southeast. According to pre-test, the 3D modeling
domain for coral reef substrates obtained the best
origin constant values, the coefficient of viscosity, and
vertical diffusivity of 1.8x10° m?/s. The hydrodynamic
model was first applied to Misool waters. The
present study is limited to tidal current modeling,
and temperature and salinity to describe the Misool
waters origin characteristics. This study needs to be
re-examined for a more extended period and detailed
modeling with monsoonal wind and baroclinic
effects. The status of Misool waters as a conservation
area does not include hydrodynamic aspects in the
decision substance. This study is fundamental as a
guide for determining and changing essential areas
for conservation, defining the boundaries of fishing
areas in the Spawning aggregation site (SPAGs) and
the distribution area of fish larvae. The future research
plan is modeling the distribution of multi-species
coral reef fish. Hydrodynamics and water quality a
role in controlling the success of fertilization, the food
web of fish larvae, and the life cycle of fish larvae.
Eggs and larvae are planktonic in the water column,
and current patterns determine their distribution.
Fish resources are sustainable, If currents spread
them into good quality waters, and if not, fish deaths
occur prematurely.
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Boron is a micronutrient of high importance, both for plant
development and normal growth. The range between boron deficiency and toxicity is very narrow,
which makes boron unique among the essential micronutrients. Boron adsorption is one of the
most important factors determining the release and fixation of this micronutrient, though its
adsorption has not been widely studied in semiarid Tunisian soils. This study aims to improve
knowledge of B adsorption process in calcareous salt-affected soils in semiarid areas.

It equally focuses on the type of cation (monovalent and divalent) in function of the soil texture
and time of shaking. These three latter factors influence boron adsorption, which also influence
the availability for plants.

A study was carried out on boron adsorption at different shaking time intervals (1, 3, 6
and 9 hours) in two soils of different textures in the absence and presence of different background
electrolytes solutions (0.02 N CaCl2, 0.02 N MgClI2, 0.02 N sodium chloride and 0.02 N potassium
chloride.

The soil-A (clay loam) adsorbed more boron than soil-B (sandy loam). Boron adsorption
was the highest in Soil-A under the presence of potassium chloride, close to the mean values given
when using calcium chloride. In Soil-B, it was found with calcium chloride background electrolyte.
Minor boron adsorption was observed in both soils when boric acid solution was used without
background electrolytes. Adsorbed boron showed significant differences with the shaking time in
all treatments used with background electrolytes solutions, except for boron solution treatment
without background electrolyte in both soils. As a comparison of divalent and monovalent cations,
boron adsorbed content was higher with the solution containing calcium than in sodium chloride
solution, due to the fact that calcium carbonate is an important boron adsorbing surface.

This study reveals that the best conditions for maximum boron adsorption are defined
by calcium chloride background electrolyte in this type of soil in a determined shaking time interval
of 3 hours. This causes a low rate of boron assimilated by plants, which leads to the decrease of the
crop yield and the agricultural production, and subsequently hurt the Tunisian national economy.
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Boron (B) is an essential oligo-element required
for the growth of plants (Wimmer et al., 2019). The
development of floral organs and the elongation of
pollen tubes are hampered by a low availability of B in
soils, resulting in a crop yield loss (Shorrocks, 1997).
Boron is unique among the essential micronutrients
because it is presented as nonionized boric acid
(H,BO,) overthe pH range suitable for the plant growth
(Arora and Chahal, 2007) and B uptake is the result of
the passive assimilation of undissociated boric acid
(Hu and Brown, 1997). For B vegetal-soil systems,
the value between insufficiency and toxicity is the
narrowest among important micronutrients (Su and
Suarez, 2004; Tariq and Mott, 2006; Hilal et al., 2011;
Abu-Dabaan and Al-Najar, 2018; Brdar-Jokanovi¢,
2020) which makes B particular among all primordial
nutrients. According to Tariq and Mott (2006), Some
other elements such as potassium (K), calcium (Ca),
magnesium (Mg) and sodium (Na) disponibility
are affected by B deficiency and toxicity apart from
crop yield. Hence, B content must be monitored
frequently in soil, as its management is very critical.
Boron toxicity is a far more difficult issue to manage
than deficiency (Reid, 2004). Brdar-Jokanovi¢ (2020)
highlighted that fertilization could be a solution for B
deficiency problematics, contrarily to B toxicity which
could be ameliorated using effective procedures.
The majority of the world’s agricultural soils contain
5-30 mg/kg of total B (determined by total digestion
of air-dried soil at neutral pH). Understanding the B
adsorption on soil process is necessary, as plants react
to the B activity in soil solution. Soluble B availability
is governed by sorption-desorption processes of this
micronutrient, acting as source for plant uptake in
soil solution (Chen et al., 2002; Bhuyar et al., 2020). B
added to soils is adsorbed to a variable extent and an
equilibrium exists between B in the solid and liquid
phases (Bhupenchandra et al., 2019). In this regard,
these authors indicate that the adsorption of B is one
of the most essential factors identifying the release
and fixation of applied B and thus deciding the
efficiency of B fertilization. Boron mobility can be very
restricted for plants, which can provoke deficiency
(Brown and Shelp, 1997). Boron deficiency is a
widespread issue in relatively humid areas, especially
in sandy soils (Santos et al., 2020). On the other
hand, toxic levels of this element have been reported
frequently in arid zones due to anthropic activity such
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as fertilization and irrigation (Santos et al., 2020). The
data on B concentrations in sediments have been
widely used as paleosalinity indicators (Mattigod
et al., 1985; Kot, 2009). According to Schwager-
Guilloux (2014), coastal soils can be rich in B since
seawater is relatively well provided in this element (B
content is approximately 4.7 mg/L). For this reason,
B frequently exceeds the plant’s requirement in arid
and semiarid environments due to low drainage,
and in agricultural soils close to coastal areas due
to the intrusion of B-rich seawater in fresh aquifers
or as a result of dispersion of seawater aerosol.
Global releases of elemental B through weathering,
volcanic and geothermal processes are also relevant
in enriching B concentration in some areas (Landi et
al., 2019). Boron adsorption is impacted by soil pH,
clay percentage, and organic matter (Ramos et al.,
2021). In fact, B has been identified as one of the
elements to be

defined in irrigation water quality since the
1950s by Richards (1954) and included in the FAO
guidelines (JECFA, 1974) for the use of water for crop
irrigation. It has also been considered in the use of
treated wastewater (TWW) both by the World Health
Organization (WHO, 2006) and in Tunisian standards
(Table 1) for the discharge of these waters into the
aquatic environment and the sea NT 106.02 (Errais
et al., 2010), the agricultural use of these waters NT
106.03 (Errais et al., 2010), and for drinking water NT
09.14 (Jalal and Ezzedine, 2019). Generally, B mobility
varies greatly from freely mobile to very restricted
one according to the soil and the plant species
(Brown and Shelp, 1997; Boaretto et al, 2011).
Plants are very specific regarding their B tolerance
wherefore irrigation water should not contain more B
than required for crop development to avoid toxicity
(Maas, 1986; Corwin and Yemoto, 2020). Due to their
relative sensibility towards B, the irrigation water
used for cereals should not contain more B than 300-
400 pg/L. Citrus fruits such as lemon can show higher
vulnerability (< 0.5 mg/L) towards B concentration
(Nicolas et al., 2016). Consequently, the management
of this micronutrient in soil has become recently a
worldwide agricultural issue. The most recent similar
studies often investigate the B adsorption, by the
same methodology. The latter consists in shaking the
soil for 24 h or 20 h, with a determined volume and
concentration of a background electrolyte solution,
containing different concentrations of boric acid.



Table 1: Boron Thresholds values and recommendations for different water uses and countries.

Medium Values (mg/L) Countries References
Groundwater 1.0 Europe (Albrecht, 2013)
Drinking water 2.4 Tunisia (Jalal and Ezzedine, 2019)
Drinking water 0.5 Worldwide (Hjelm et al., 2019)
TWW for irrigation 3.0 Tunisia (Errais et al., 2010)
TWW discharged to seawater 20.0 Tunisia (Errais et al., 2010)

For instance, Terraza Pira et al. (2018) accomplished
the B adsorption isotherms using 25 mL of seven
solutions of different B concentrations (0, 2, 4, 8, 16,
32, and 64 mg/L in 0.01 M CaCl), which were added
independently to 5 g soil and shaken for 20 h in a
reciprocal shaker. However, the current study aim
does not focus on B adsorption in soil in the presence
of different B concentrations, in one shaking time
interval with one cation, as mentioned in the recent
studies. Actually, it concentrated on B adsorption in
soil in function of different parameters effect: the type
of cations in soil solution (divalent or monovalent),
the soil texture and the shaking time (1, 3, 6 and 9
hour). Therefore, there are hardly any works with the
same research objectives. As a matter of fact, there
is a lack of investigations on boron adsorption in
the case of calcareous salt-affected soils in semiarid
areas particularly under the combination of various
background electrolytes and shaking time effect
during the quantification in laboratory. Moreover,
among the metal minor elements, B is the element
whose mobility increases in a basic environment.
This is the case of Tunisian soils rich in limestone,
which is an additional argument to highlight the
importance of B in semiarid Mediterranean regions.
The global aim of the study is to improve knowledge
of B mobility and interaction with other chemical
elements in calcareous salt-affected soils in semiarid
areas. The aim of the current study is to focus on
the type of cation (monovalent and divalent) that
can favor the B adsorption in function of the soil
texture and time of shaking. This also influence the
availability of B for plants. Hence, B content must
be monitored frequently in soil, as its management
is very critical. This study contribution consists in
providing the optimal conditions in this type of soil
(type of cation and exact shaking time interval)
for maximum boron adsorption. This affects the B

amount assimilated by plants, which influence the
crop yield and the agricultural production. This study
has been carried out in Tunisia, within the research
laboratory Valorization of non-conventional waters in
the National Research Institute of Rural Engineering,
Waters and Forests (INRGREF) for the field activities
and the chemical analysis in 2018, and in Spain, in
2019, within the research laboratory at the University
of Miguel Hernandez of Elche for the experimental
and chemical analysis.

The literature review highlighted the importance of
B sorption-desorption processes, which dominate B
availability and thus provide a source for plant uptake
in soil solution. Although, there are few studies
on boron adsorption in the case of calcareous salt-
affected soils in semiarid areas. This context led us to
hypothesize that understanding B adsorption in this
type of soil is necessary, under several parameters
effects such as the background electrolytes type, soil
texture and shaking time. Previous studies have not
attempted to demonstrate the combination effect of
different background electrolytes and time of shaking
intervals in the same time on B adsorbed amounts,
particularly in this type of soil. The study was carried
out with two Fluvisols (Sarmast et al,, 2015), with
different textures, in order to study the adsorption of
B in the soil of Cebala Borj Touil perimeter (Fig. 1).

Description of the study area and context

The sites are located at the perimeter of Cebala Borj-
Touil (Fig. 1), Tunisia’s most important agricultural
area irrigated by treated wastewater (3200 ha). Itis in
the suburbs of Tunis (36°50 N; 9°75 E) in northeastern
Tunisia. This area has been irrigated with treated
wastewater (TWW) since 1989. These wastewaters
generated from urban activities are treated at the
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Cebala-Borj Touil

Fig. 1: Geographic location of the study area in northern Tunisia and localization of soil samples in Cebala Borj Touil perimeter

secondary level and available to agricultural and
farm irrigation. The effluents were supplied by the
outflow of three Great Tunis wastewater treatment
plants (Choutrana, Cherguia, and north coast). The
main TWW chemical characteristics are mentioned in
the Table 2. The pH mean value of irrigation water
varies from neutral to slightly alkaline during the
summer irrigation cycle. The salinity of TWW (Ecw) is
moderate with an average of 4.54 dS/m. The chemical
facies is alkaline with a dominance of Na* cations and
Cl" anions. B concentration with a mean value 0.75
mg/L remains fairly constant over time. It is bordered
on the north by the Mejerda River. The climate is
semiarid, with a wet season from September to May
and a dry season from June to August. The average
annual rainfall is estimated at 470 mm (Dahmouni et
al., 2018) with an average annual evapotranspiration
of 1400 mm (Khaskhoussy et al., 2015). The region is
characterized by a shallow saline water table ranging
from 0.5 to 7.6 m. The Cebala Borj-Touil drainage
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system comprises of an open ditch network that
covers the whole region (Dahmouni et al., 2018). The
land use differs depending on the season. In winter,
cereals and fodders crops as wheat and alfalfa are
cultivated, whereas in summer, maize and sorghum.
Irrigation is mainly used during hot season for maize
and sorghum.

Soil analysis

Soil samples were taken in two agricultural fields
situated in the middle of the region. Both samples
were air dried and sieved (2 mm) to prepare them
for the analysis and laboratory experiment. The
soils, Soil-A and Soil-B, selected by their difference
in texture and being representative of the area, are
respectively clay loam and sandy loam soils (Table
3). The soil texture was determined by using the
Robinson pipette method after oxidation of the
organic matter with H O, and particle dispersion
with hexametaphosphate solution (NF [French norm]



Table 2: Main treated wastewater chemical characteristics

Descriptive M Ecw cr HCOs SO4* Ca* Mg?* K* Na* B
statistics P (dS/m) (mea/L) (meg/L)  (meqg/L)  (meaq/L) (megq/L) (meaq/L) (meaq/L) (mg/kg)
Average 7.27 4.54 32.15 6.5 10.03 6.5 10 1.24 28.48 0.75
Min. 6.96 3.57 22.56 4 5.52 5 7.5 1.07 20.06 0.73
Max. 7.6 5.36 42.3 9 15.1 7.5 15 1.39 39.11 0.77
Table 3: Main soil properties
) ) Hot water extractable B
Soil  Clay (%) Silt (%) Sand (%) pH EC (dS/m) TCaCOs (%) OM (%) (me/kg)
A 36.0 42.2 21.8 8.0+0.1 3.1+0.2 35.4+7.3 1.36+0.03 1.240.1
B 19.0 14.8 66.2 7.910.1 7.610.6 45.7+2.2 0.75%0.06 1.4+0.1
+ is followed by the standard deviation (SD).
Counts
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Fig. 2: X-ray diffract metric analysis of the studied soil

X31-107). The X-ray diffractometric analysis showed
that the mineralogical composition of the soil is as
follows: 65% of quartz, 22% of calcite and 13% of
kaolinite (Fig.2). In Fig. 2, the soil X-ray diffractometric
pattern presents a high signal for the diffraction lines
of intensity relevant for quartz. The wide lines at
21, 27, 39 and 46° in 20 are characteristics of quartz
. Calcite was present in soil, with 23, 30, 36, 44, 47
and 61°in 20. In addition, Kaolinite was observed at a
low intensity with other elements (quartz and calcite)
in many lines (at 3, 23, 28°... in 28). The soil pH was
measured with a pH meter in water extraction (ISO
10390). The salinity was measured determining the

electrical conductivity (EC) in the soil aqueous extract
(ISO 11265). The total equivalent calcium carbonate
(TCaCO,) was estimated by using the volumetric
method and the attack of the soil sample with
hydrochloric acid (NF ISO 10693) (Jerbi et al., 2020).
Organic matter was estimated following the loss on
ignition method (Benbi, 2018). Initial available B
concentration in soils was determined after hot water
extraction with the Carmine method (Sah and Brown,
1997; Pena-Pereira et al., 2020). The main differences
observed in these soils were in texture, electrical
conductivity, total equivalent calcium carbonate and
organic matter. The presence of a higher percentage
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Table 4: Cations and anions availability in the soils

- cr HCOs S0.* Ca? Me? (mea/L) K* Na*
(meq/L) (meq/L) (meq/L) (meq/L) (meq/L) (meg/L)

A 12.69 5.00 14.76 10.00 5.00 0.28 16.11

B 59.22 3.17 11.48 13.33 14.83 0.94 45.68

of clay fraction in Soil-A, and sand fraction in Soil-B
would determine their physical characteristics. The
ionic composition in the soil-B was dominated by
the anion ClI and the cation sodium Na*. In soil-A, it
was dominated by the anion SO,* and the cation Na*
(Table 4).

Experimental design on B adsorption in soils

The B adsorption experimental design was based
on previous studies (Tamuli et al., 2017). Soil samples
(8 g air-dry soil taken in each tube) with 4 replications
were disposed into 50 mL polypropylene centrifuge
tubes with 16 ml of solution (ratio soil-solution 1:2
w/v) containing 40 mg/L B as boric acid (H,BO,).
They were shaken under controlled temperature
conditions (2029C) for 1, 3, 6 and 9 hours (h) by using
a wrist action laboratory shaker (200 oscillations/
min). The following treatments (boron solution-
soil interaction) were applied: B solution without
background electrolyte (TBo) or with background
electrolytes: 0.02 N CaCl, (TBCa), 0.02 N MgCl,
(TBMg), 0.02 N NaCl (TBNa) and 0.02 N of KCI (TBK).
Although the accompanying anion was the same
for all the electrolytes, chloride, there were small
differences in the pH of the solutions due to the
interaction between components and water (ionic
strength): 6.5, 6.5, 5.7, 7.3 and 6.6 respectively.
The pH of all treatments was close to 6.5 although
major differences were observed in the case of TBMg
(pH=5.7) and TBNa (pH=7.3). The B in the solution,
after shaking time, was measured by the colorimetric
method Azomethine-H (Sah and Brown, 1997,
Pena-Pereira et al.,, 2020). The spectrophotometer
used was T80 (a high-performance double beam
spectrophotometer). The B detection limit in the
used method was 0.05 mg/L. The difference between
initial concentration and the final concentration in
the solution after the interaction with soil, gave the
amount of B adsorbed by soil.

Statistical analysis
Descriptive statistics (mean value and standard
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deviation SD), Student’s t- test and one- and two-ways
ANOVA test were used to determine the statistical
differences between samples. For the samesoil (A or
B) and treatment, mean values with a letter (a, b, c),
and those with different letters indicated statistical
differences by using Student’s t-test at p<0.05. For
the ANOVA test comparing the effect of shaking time
and the effect of background electrolyte, statistical
differences are represented by using stars with the
following meaning: * (p<0.05), ** (p<0.01) and ***
(p<0.001), and no significant differences (NS).

A summary of the results concerning the B
adsorption in soil-A and soil-B at different time of
shaking are shown in Table 5.

Soil B adsorption

Considering the divalent cations Ca and Mg, in the
case of TBCa, B adsorbed in Soil-A increased from 1
h to reach a maximum after 6 h of shaking (25.4 mg
B/kg soil), then decreased slightly at 9 h shaking. In
Soil-B, B content adsorbed by soil increased starting
from 1 h of shaking time to 3 h. It decreased after 6
h of shaking and finally increased again and reached
a maximum value after 9 h of shaking (19.3 mg B/
kg) but without statistical differences between 6
and 9 h of time of shaking (T test). The B adsorbed
showed higher values in Soil-A than in Soil-B. In
the case of TBMg B adsorbed in Soil-A increased
from 1 h to reach a maximum after 6 h of shaking
(23.9 mg B/kg). In Soil-B, B content adsorbed by soil
increased starting from 1 h of shaking time to 3 h,
then decreased slightly and reach the maximum
value at 9h (17.6 mg B/kg). Considering NaCl and
KCl as background electrolytes, in both cases, the
B adsorbed increased progressively in Soil-A from
1 h to 6 h of shaking, then slightly decreased at 9
h of shaking, but without statistical differences. In
Soil-B, B adsorbed showed a similar behavior. As it
happened in all the previous background electrolyte
experiments with divalent cations, B adsorbed



Table 5: B adsorbed (mg B/kg soil), standard deviation, T test and ANOVA 1 and 2 ways in the two soils considering all the treatments (TBCa,
TBMg, TBNa, TBK and TBo) and time of shaking

Treatment TBCa TBMg TBNa TBK TBo ANOVA 1 way
(background electrolyte
Shaking time (h) Mean  SD Mean SD Mean SD Mean SD Mean SD effect)
1 23.5° 0.72 21.0° 0.78 23.2° 0.69 26.3* 0.92 18.4*° 0.57 *Ek
3 24.0° 035 21.9° 1.03 24.2° 025 27.8° 036 185 0.67 Hkx
Soil A
6 254 050 239° 085 2637 139 289" 0.64 19.6° 0.65 HEE
9 24.9* 058 23* 116 23.8*° 1.53 254° 0.77 188 0.36 ok
ANOVA 1 way S S . NS
(time effect) ANOVA 1 way
- (background electrolyte
ANOVA 2 ways (time vs kK *k % *k ok *k ok *ok ok effect)
background electrolyte)
1 17.0° 0.88 14.2° 041 15.8° 0.59 154° 0.12 12.0° 0.51 HEk
3 19.1* 0.93 17.1* 0.95 15.8° 0.59 18.6° 1.21 12.2° 0.86 ol
Soil B
6 18.6° 0.48 16.6° 0.63 182 0.78 17.3® 0.79 12.4* 0.30 HEk
9 19.3* 0.62 17.6° 057 182* 0.65 17.0° 0.71 12.8° 0.23 Ak
ANOVA 1 way *k sk ok sk ok *k
. NS
(time effect)
ANOVA 2 ways (time vs . . - - -

background electrolyte)

Different lowercase letters indicate significant differences among the different time of shaking at P<0.05 level and at the same treatment.
NS *, ** and ***indicate not significant, significant at P < 0.05, P < 0.01, and P < 0.001, respectively.

showed greater values in Soil-A than in Soil-B.
Concerning boric acid solution without background
electrolyte, the B adsorbed showed close values and
it is independent of the time of shaking. In Soil-B,
B adsorbed increased progressively from 1 h to
reach the maximum at 9 h of shaking, but without
significant differences. The ANOVA test confirmed
that no effect associated with shaking time was
noticed. However, B adsorbed showed higher values
in Soil-A than in Soil-B (Table 5). Considering all
the background electrolyte solutions, adsorbed B
content was higher in Soil-A than in Soil-B. According
to the results (Table 5) and by using ANOVA one-
way test, B adsorbed showed significant differences
associated to the shaking time factor in all the
treatments when using background electrolytes
solutions, which was opposite to the result found in
TBo for both soils. In Soil-A, the highest significant
difference was recorded in TBK, however in Soil-B
it was associated to TBMg and TBNa. According to
ANOVA two-way test, background electrolytes and
shaking time gave statistical significant differences in

both soils. Moreover, ANOVA one-way test indicated
that the background electrolyte composition of
soil solution showed higher significant difference
compared to shaking time. The B adsorbed by soils
showed higher values in Soil-A than in Soil-B. This
behavior was the same for the divalent cations CaCl,
and MgCl, as background electrolytes. Considering
NaCl and KCl, as it happened in the background
electrolyte experiments with divalent cations, B
adsorbed showed greater values in Soil-A than in
Soil-B. For boric acid solution without a background
electrolyte, the B adsorbed showed close values and
it was independent of the time of shaking, and the
B adsorption probably reached the maximum within
the first h of shaking. The ANOVA test confirmed no
effect of shaking time. Fine textured soils can adsorb
more B than coarse-textured soils due to the higher
content of clay minerals (Al-Ameri et al., 2019).
Furthermore, the primary B adsorbing surfaces in
soilsare the surface area of soil clay minerals, calcium
carbonate, aluminum and iron oxides, and organic
matter (Goldberg, 1997; Al-Ameri et al., 2019). In the
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present study, the significant differences found by
using T test (P<0.05) indicated that 1 h of shaking is
not the sufficient time needed to reach B saturation
on adsorption sites. Consequently, in both soils,
3 h appeared to be enough time in which the soil
reaches maximum B adsorption. Boron adsorption
showed significant differences (Table 5) considering
the shaking time in all the treatments when using
background electrolytes solutions. On the other
hand, no significant differences were found in TBo
for both soils. This result reinforces the importance
of the shaking time and 3 h of shaking to reach
the maximum adsorption value in the presence of
background electrolyte for the determination of B
adsorption in soils. However, this result is not in line
with Hingston’s findings (1964). He studied the effect
of shaking time on B adsorption by Willalooka illite in
0.01 M CaCl,. He found that adsorbed amounts of B
were similar at shaking times from 30 min to 2 days.
Moreover, it should be noted that even after several
weeks, there was no significant difference observed.
This indicates that soil is a complex system, and it is
important to the texture and the presence of other
ions interacting with the soil solution, among other
properties commented previously. Using ANOVA
two-way test, background electrolytes and shaking
time gave significant differences for both soils (Soil-A
and Soil-B). In addition, the background electrolyte
composition of soil solution was obviously the
factor of higher interest compared to shaking time,
as previously indicated by ANOVA one-way test
indicated. B adsorption is dependent on the soil
texture (Al-Ameri et al., 2019). In this case, the clay
loam texture of Soil-A retained more B than the
sandy loam texture of Soil-B. Actually, fine-textured
soils can adsorb more B than coarse-textured soils
due to their clay minerals content (high specific
surface and cation exchange capacity) (Al-Ameri et
al., 2019). The presence of the clay minerals like
montmorillonite and chlorite especially enhance B
adsorption (Goldberg, 1997; Al-Ameri et al., 2019).
This finding was also confirmed by many other
research investigations. According to Gilrel et al.
(2019) adsorbed B level heightened with an increase
in clay content. Moreover, B deficiency has been
commonly reported in coarse-textured acid soils of
humid regions (Alam and Jahan, 2007). Although B
adsorption could be associated to the presence of
soil organic matter, as organic matter also contributes
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to B adsorption, the influence of fine texture may be
the most important factor in soils with low organic
matter content. Essential soil properties such as clay
and organic matter content have been constantly
mentioned to influence B distribution in soil (Irfan
et al., 2019).0rganic matter content in the two soils
is considered as low (Table 3). According to Lépez
et al. (2017), soil organic carbon levels are generally
low or very low in the Mediterranean region of
eastern Morocco, northern Algeria, Tunisia and
western Libya. According to Sarkar et al. (2014), the
low organic matter content in the soil resulted in an
increase of B adsorption, as the sites of adsorption
of oxides and hydroxides of Fe and Al on mineral
surfaces are activated. Furthermore, at the same
equilibrium concentration, the frequency of these
processes is greater in clayey soils than in sandy
loam soils (Rodrigues and Silva, 2020). This could
explain the fact that soil-A adsorbs more B than
soil-B.

Background electrolytes influence on B adsorption
Following the comparison of all the mean values
of B adsorbed in all types of background electrolytes
solutions, inboth soil-Aand B, minor Badsorptionwas
found using boric acid solution without background
electrolytes (Figs. 3 and 4). This proves that cations
presented in background electrolyte solutions are
having an important role in B adsorption. In Soil-A,
the highest adsorbed B mean value was found with
K, monovalent cation, although so close to the rest
of the mean values excepting TBo and in Soil-B
was associated to Ca, divalent cation. Focusing on
CaCl, and NaCl, as a comparison of divalent and
monovalent cations, the content of B adsorbed was
higher with the solution containing CaCl, than in the
NaCl solution, as reported earlier by Goldberg and
Suarez (2011). They explained that in the Ca, the
slightly greater B adsorption at high pH was caused
by B adsorption onto freshly precipitated CaCO,.
Goldberg and Forster (1991), Goldberg (1997) and
Kumar et al. (2018) highlighted that, in calcareous
soils, calcium carbonate is an important B adsorbing
surface. This confirms very well the finding of
this work, as the two soils of this case study are
calcareous (rich in limestone). Furthermore, ionic
strength has a significant effect on B adsorption,
being more important in the presence of a divalent
ion such as calcium than monovalent sodium ions
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(Rodrigues and Silva, 2020). As for clay minerals,
Keren and Sparks (1994) have concluded that the
negative electrical field associated with the planar
surface affects the B adsorption on edge surfaces.
They explained that for clay minerals, increasing
ionic strength eliminates the negative electrical field
of planar surface. As a result, more negative borate
ions are able to approach the adsorption sites on
the edge surfaces and interact with them, which
contributes to greater B adsorption. Moreover, Abu-
Sharar et al. (2014) confirmed Majidi et al. (2010)
finding that an increasing background electrolyte
concentration 0.01 M NaCl to 0.1 and 0.5 M resulted
in an elevation of the maximum of B adsorption by
respectively 30% and 75%. Calcium chloride at the
equimolar concentration showed a more important
increase in B adsorption as compared to NaCl. A
divalent system will have a higher ionic strength (I)
than equimolar monovalent system causing more
compressed diffused double layer. These findings
prove the strong effect of Ca divalent cation in B
adsorption. These authors further pointed out that
B was mainly adsorbed as an outer-sphere complex,
favored by the presence of micro-aggregates;
clay particles attached to organic molecules by
polyvalent cations (Bronick and Lal, 2005). In short
experiments, studying the effect of KCl on boric
acid solutions, no decrease in the B concentration
was found, even at higher K concentrations than
in soil solution. This means that the potassium
did not have a direct effect on B adsorption, but
created new conditions in the soil, which favor B
adsorption or provided new adsorption sites with
high affinity for B (Hadas and Hagin, 1972; Tariq
and Mott, 2007). This could explain somehow
the results, that greater B adsorption was found
in K monovalent cation in clay loam soil (Soil-A).
However, no significant differences were found
between K and Ca as background electrolytes. lonic
strength affects significantly B adsorption. This
effect has been reported low for oxides and high for
clay minerals and soils (Mattigod et al., 1985; Majidi
et al.,, 2010). However, in the present study, in which
Soil-B is sandy loam soil, B adsorbed highest value is
associated with Ca background electrolyte solution.
In clay loam soil, Soil-A (that obviously contains
more clay than Soil-B), B highest adsorbed value is
not associated to divalent cation as expected, but
to K monovalent cation. Mattigod et al. (1985) and
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Kot (2009) developed that borate ions combine with
alkali and alkaline earth cations to produce soluble
complexes. Therefore, the formation of borate
complexes in solution may influence the adsorption
of this element on mineral surfaces. These authors
highlighted the potential importance of ion-pair
formation in K* and Ca? dominated electrolyte
solutions in the context of B adsorption on kaolinite.

The Boron adsorption in soils is a significant topic
in agronomy, as it can threaten plant development
and crop vyield. In this study, B adsorption was
investigated in calcareous salt-affected soil in
semiarid areas, under the effect of different
background electrolytes, two soil textures and
different shaking time intervals. The study findings
revealed that Soil-A (clay loam) adsorbed more
B than Soil-B (sandy loam), owing to soil texture
and possibly organic matter content. It is of great
relevance that soil texture and organic matter are
key factors that can explain the boron adsorption in
soils and both should be checked in cultivated soils
to ensure the bioavailability of this plant nutrient.
However, the analysis of boron to measure the
presence and interactions with the soil matrix is a
great concern. Beyond any doubt, the shaking time
may have a significant impact on B adsorption in
soils, as it takes 3 h of shaking to reach the maximum
amount of B adsorbed. The results showed that
the background electrolyte composition of soil
solution is a factor of highest interest in boron
adsorption mechanism. Centered in the current
study, concerning Soil-A, the maximum B adsorption
value was recorded with potassium chloride. As
for Soil-B, it was associated with calcium chloride.
Furthermore, the content of B adsorbed was higher
with the solution containing calcium chloride than
sodium chloride. In both soils, in general, the major
B adsorption was reached by using calcium chloride
as background electrolyte solution. Therefore,
compared to all background electrolytes solutions,
calcium chloride seemed to be the cation having
the most favorable behavior for B adsorption
experiments. In this sense, the presence of a
predominant monovalent or divalent cation as
a background electrolyte obviously determine
the adsorption of B in soil and the availability of
this nutrient to plants. In conclusion, the optimal



conditions for maximum boron adsorption in this
type of soils are characterized by calcium chloride
background electrolyte in a determined shaking
time interval equal to (3h) according to the present
study. Consequently the high boron adsorbed results
in a low rate of boron assimilation by plants, which
decrease crop yields, agricultural productivity, and
equally has a negative influence on the Tunisian
national economy.
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The World Bank defines inclusive green growth
as “sustainable economic development” (Albagory,
2016; Jha et al., 2018; Sun et al., 2020). Inclusive
green growth is a function of economic (i.e. economic
growth), social (i.e. poverty, inequality, employment)
and environmental (i.e. emissions and environmental
pollution) (Sun, et al., 2020). Luukanen et al. (2019)
explained that inclusive green growth (IGG) is an
organic combination of two development concepts,
namely green growth (GG) and inclusive growth (IG).
Meanwhile, in this study, inclusive green growth is
a composite of economic growth, poverty, income
inequality, unemployment and environmental quality
consisted of water quality, air quality and forest cover.
Shcherbak et al., (2020) explained that forestry and
household income should be a concern in increasing
the economic growth of a region. In the perspective
of inclusive growth, it is built through three pillars,
namely economic growth and development,
income distribution and poverty reduction, and
expansion of access and opportunities, while from
an environmental perspective, it is built from three
aspects, namely air quality, water quality and the
resulting area of forest cover. Therefore, inclusive
green growth referred to in this study is inclusive
growth that takes into account the ecological balance
seen from the quality of the environment itself.
Thus, the IGG is a function of inclusive growth (which
refers to economic growth, income distribution and
poverty reduction and expansion of access to and
job opportunities) and green growth (which refers
to environmental quality). Indonesia as a developing
country has also adopted the concept of sustainable
growth to ensure an increase in economic output and

preserve the environment. However, currently, the
calculation of inclusive green growth in Indonesia
is still very minimal, so data describing the IGG
phenomenon is still difficult to obtain. For this
reason, the phenomenon that describes the IGG is
a composite calculated from the inclusive growth
index published by Central bureau of statistic (CBS)
of Indonesia, national development planning agency
(NDPA) of Indonesia and the environmental quality
index published by the ministry of environment and
forestry (MEF) of Indonesia. The result from range of
2011-2018 is shown in Fig. 1.

Based on Fig. 1, it can be seen that in aggregate,
the IGG phenomenon that occurs is getting more
satisfactory (good) every year in the 2011-2018
period, although from 2011 to 2013 and 2015 to 2016
there was a slight fluctuation of 0.01. Furthermore,
the satisfying IGG certainly provided an illustration
of the increase in economic output to meet human
needs that has occurred along with improvements in
environmental quality such as water quality, air quality
and forest conditions in the satisfactory category,
thus, in aggregate, the IGG was in the satisfactory
category. However, when comparing the IGG rate
with the conventional economic growth (CEG) rate,
in aggregate, the IGG rate was smaller than CEG rate.
This indicates that Indonesia’s economic growth is
still focused on increasing the production output of
each sector, thus ignoring environmental issues such
as water quality, air quality and forest sustainability,
while also not focusing on poverty, income inequality
and employment expansion. For more details, it can
be seen in Fig. 2.

Based on Fig. 2, it can be seen that during the
comparison period, although in 2014 the IGG rate

Index value
7.00
6.50 612 620
6.45

6.00

5.66 2./U 6.11
5.50 579

5.66

5.00

2011 2012 2013 2014 2015 2016 2017 2018 (Year)

Fig. 1: Indonesia’s inclusive green growth (in the index) (CBS, 2020; NDPA, 2020; MEF, 2020)
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Fig. 2: Comparison of inclusive green growth with conventional economic growth in Indonesia (in percent) (CBS, 2020; NDPA, 2020; MEF,
2020)

increased significantly during that period and
was higher than CEG, this occurred when CEG
experienced a growth of minus 0.55%. In general,
this growth pattern is repeated every year during the
observation period, i.e. if the CEG decreased, the IGG
tent to increase. The phenomenon in Fig. 2 certainly
reflects that the economic growth occurred in
Indonesia has not been in accordance with the goals
of sustainable development, environmentally friendly
development. In addition, the phenomenon of I1GG
raises a question whether the development carried
out has reached IGG in each province in Indonesia.
Therefore, it is important to calculate the IGG in each
province, considering that the IGG in each province
is an integral part of the IGG in Indonesia. To achieve
sustainable development in Indonesia as stated in
the sustainable development goals (SDGs), every
country must focus on inclusive green growth. Thus,
Based on the phenomena described, it is necessary
to analyze inclusive green growth in Indonesia. The
IGG condition is derived from the derivative of the
concept of inclusive green growth conducted by
Luukkanen et al. (2019) and concept change studied
by Sun et al. (2020) towards inclusive green growth
(IGG). Sun et al. (2020) stated that IGG is a function of
economic growth, social, emission and environmental
pollution, while in this study IGG is expressed as a
function of inclusive growth variables (which consist
of economic growth and social growth as measured
by poverty reduction, unemployment rate reduction
and income distribution), and environmental quality
variables (consisting of air quality, water quality and

forest cover area). The use of these two variables
is because the relationship between economic
growth, social growth and environmental quality is
linear. The reason for substituting the emission and
environmental pollution variables in the research
of Sun et al. (2020) with environmental quality
variables is because the environmental quality
variable describes a wider impact of pollution than
emissions. The environmental quality is the impact of
environmental pollution consisting of water quality
as a result of water pollution, air quality as a result of
air pollution and forest cover area as a result of forest
damage. The aims of the current study is to describe
the conditions of inclusive green development in
each province in Indonesia, which is due to the
unavailability of data describing the conditions
of inclusive green development. The study is also
expected to tackle the lack of the previous research.
This study has been carried out in Padang, Indonesia,
in 2020 and 2021.

Research method

The method used in this research was descriptive
quantitative. Descriptive method was used to
determine the value of variable independently, either
one or more variables, without making comparisons
or connecting one variable to another.

Types of data, data collection techniques and research
variables
This study used secondary data. The objects
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of research were 34 provinces in Indonesia. The
observation year ranged from 2011-2019. The
data collection technique used in this research was
documentation, by collecting reports, documents,
or records issued by relevant agencies such as
publications from the Indonesian Central Bureau
of Statistics, Ministry of Environment and Forestry,
National Development Planning Agency Republic of
Indonesia, National Disaster Management Agency,
Indonesian Police.The determinants of inclusive
green growth used in this study were inclusive human
development, regional independence, infrastructure,
crime, industrialization and natural disasters.

Variable operational definition
Inclusive green growth (Y)

IGG is economic growth that is in line with reducing
poverty, unemployment and inequality as well as
improving the quality of the environment. IGG is a
composite of the Inclusive Growth Index (IGI) and
the Environmental Quality Index (EQI) divided by
two. IGG parameters in this study can be seen from
3 categories as follows, a value of 0 < IGG < 40 means
“not satisfactory”, a value of 40 < IGG < 80 means
“satisfactory”, and a value of 80 < IGG < 100 means
“very satisfactory”.

Inclusive human development (IHD) (X1)

IHD is human development aligned with gender
equality. This IHD is expressed by the Gender
Development Index (GDI). The GDI in this study was
obtained from the GDI published by Indonesian
Central Bureau of Statistics. IHD parameter can be
explained by the value of IHD. If the IHD value almost
reached 100, the IHD is getting better.

Regional financial performance (RFP) (X2)

RFP is the average of the components of budget
solvency (BS), financial independence (FI) and service
solvency (SS). BS is total regional income divided by
total expenditure, Fl is total local revenue divided by
total expenditure, SS is total expenditure divided by
population. RFP parameter can be explained by the
value of RFP. If the RFP value almost reached 100, the
RFP is getting better.

Infrastructure (X3)
Infrastructure is the average component of
economic infrastructure with social infrastructure.
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The components of economic infrastructure consist of
proxies of the economic situation of the community in
the use of infrastructure, especially in public utilities
such as the percentage of households that have a
source of lighting from electricity, the percentage of
households that have access to proper sanitation,
the percentage of households with a source of
proper drinking water. Meanwhile, the components
of social infrastructure consist of the number of
primary schools and the number of health facilities
at the public health centre. Infrastructure parameter
can be explained by the value of infrastructure. If
the infrastructure value almost reached 100, the
infrastructure development is getting more quality.

Crime (X4)

Crime is a form of government response to security
in the community, so the government must resolve
every reported case or what is known as crime
clearance. Thus, crime clearance is the number of
resolved cases divided by the number of reported
cases. Crime parameter can be explained by the
value of crime. If the crime value almost reached
100, government’s response to crime in Indonesia is
getting better.

Industrialization (X5)

Industrialization is gross regional domestic product
(GRDP) in the industrial sector. Data obtained from
the Indonesian central bureau of statistics. The higher
industrialization value means the high industrial
growth in Indonesia.

Natural disaster (X6)

Natural disasters are the number of natural
disasters occur every month. The higher percentage
value of natural disasters showed the more frequent
of the occurrence of natural disasters in Indonesia.

Model specification

The relationships between these variables are
summarized in Fig. 3.

Based on Fig. 3, the mathematical equation for
the simultaneous equation using the econometric
approach for the inclusive green growth equation can
be written using Eq. 1.

Ylit :ﬂo +:B1X1it +ﬂ2X2it +ﬂ3X3it

+ By Xy + Bs X sy + B X i + (1)



Inclusive Human
Development

(o:3H

Regional Financial
Performance

Infrastructure

(X3)

Crime

(X5)

Natural Disaster
(X6)

Green Growm

Fig. 3: The conceptual framework of study

Data analysis technique
Panel Data Regression

Inthis study, panel dataregression was used because
the purpose of this study was to analyze what factors
influence inclusive green growth between provinces
(cross section) and across time (time series). Ghozali
(2013) explained that there are several methods
commonly used to estimate regression models with
panel data, including:

a. Common effect model (CEM)
b. Fixed effect model (FEM)
¢. Random effect model (REM)

Classical assumption test

In this research, the classical assumption test
used normality test, multicollinearity test, and
heteroscedasticity test to see the correlation between
independent variables. Normality test used Jarque-
Bera (JB).The regression equation model is said to be
good if the data is normally distributed or close to
normal, the calculated JB probability value is greater
than 0.05. A good regression model should not have a
correlation between independent variables (Ghozali,
2013) where the correlation coefficient (R2) is < 0.80.
Heteroscedasticity test used the Glejser method, a
good regression model is homoscedasticity or there
is no heteroscedasticity where the probability value
is > 0.05 (Ghozali, 2013).

Statistical test

In this research, statistical test using t- test to
find out whether the exogenous variable (X) has a
significant effect on the endogenous variable (Y)
partially, where the probability value of the exogenous
variable is small than a= 0.05 (tcount ttable or —
tcount <- ttable) on endogenous variables, then HO
is rejected and Ha is accepted, indicated that there
is a significant effect between exogenous variables
on endogenous variables. On the other hand, if the
probability value of the exogenous variable is greater
than a= 0.05 (tcount < ttable or — tcount - ttable) on
the endogenous variable, then HO is accepted and Ha
is rejected, indicated that there is no significant effect
between the exogenous variables on the endogenous
variables. Furthermore, using the f- test to find out
whether the exogenous variables silmutaneously (X1,
X2,....Xn) have a significant effect on the endogenous
variable (Y), where the probability value of Fcount
< 0.05, the null hypothesis (Ho) is rejected and the
alternative hypothesis (Ha) is accepted, indicated
that the exogenous variables silmutaneously have a
significant effect on the endogenous variables. This
study also used t test (partial) called as probability
test. If the probability value of the exogenous variable
is smaller than a = 0.05 to the endogenous variable,
then HO is rejected and Ha is accepted, indicated that
there is a significant effect between the exogenous
variables on the endogenous variable partially.
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Research hypothesis

1. Partially, inclusive human development,
regional financial performance, infrastructure,
crime, industrialization and natural disasters towards
inclusive green development in Indonesia.

Ho:a =a,=a,=0,=0a,=a,=a,=0

Ha: o, #zo,za #a,# o 2o, # o, 20

2. Silmutaneously, inclusive human development,
regional financial performance, infrastructure,
crime, industrialization and natural disasters towards
inclusive green development in Indonesia.

Ho:A,=4,=4,=4,=A,=A,=1,=0

Ha: A, #A, #A #A,#A, #A #A1,#0

Classical assumption test results

The results of the normality test on the inclusive
green growth equation model indicated by the JB
Probability Value of 0.056786 or the value is greater
than 0.05, thus the residuals are normally distributed
intheequationortheclassicalassumption of normality
is achieved. The results of the multicollinearity test in
the inclusive green growth equation model show that
all correlation values between independent variables
are less than 0.8, thus both models of this equation
do not contain multicollinearity problems. The results
of the estimation of heteroscedasticity through the
Glejser Test on the inclusive green growth equation
showed that the Probability values of X1, X2, X3,
X4, X5 and X6 are greater than 0.05. Thus, it can be
concluded that the equation model does not contain
heteroscedasticity problems

Panel data regression results
Chow test

From the results of the Chow test in Table 1, it can
be seen that the probability value of the cross section
f is 0.0000 or less than 0.05. Therefore, the best
model in this study is the fixed effect. To determine
which model is selected for the fixed effect or random
effect, the Hausman test is conducted.

Hausman test

From the results of the Hausman test in Table 2, it
can be seen that the probability value of a random
cross-section is 0.0000 or less than 0.05. Therefore,
the best model in this study is the fixed effect. Thus,
according to Ghozali (2013), it is no longer necessary
to perform the Lagrange multiplier test.

Results of fixed effect

The results of panel data analysis are shown in
Table 3.

From the results of the analysis, the inclusive green
growth equation model is obtained using Eq. 2.

Y1=69.63627+0.391629 X1+0.029884 X 2 +
0.053866 X3—0.014244 X 4—0.020618 X'5 (2)
~0.145195 X6

Based on the results of the analysis of the inclusive
green growth equation, it can be seen that if the
inclusive human development, social inclusion,
regional financial performance, infrastructure, crime,

Table 1: Results of chow test

Redundant fixed effects tests

Equation: Untitled
Test cross-section fixed effects

Effects Test Statistic d.f. Prob.
Cross-section F 19.403104 (32,248) 0.0000
Cross-section Chi-square 359.840174 32 0.0000

Table 2: Results of hausman test

Correlated random effects - Hausman test

Equation: Untitled
Test cross-section random effects

Test Summary

Chi-Sq. Statistic Chi-Sq. d.f. Prob.

Cross-section random

74.760331 6 0.0000
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Table 3: Results of analysis of inclusive green growth variables (Y)

Variable Coefficient SE* t-Statistics Prob.?
C 69.63627 5.799432 12.00743 0.0000
Inclusive Human Development (X1) 0.391629 0.065486 5.980310 0.0000
Regional Financial Performance (X2) 0.029884 0.013076 2.285404 0.0230
Infrastructure (X3) 0.053866 0.012542 4.294886 0.0000
Crime (X4) -0.014244 0.008744 -1.629002 0.1046
Industrialization (X5) -0.020618 0.002664 -7.740095 0.0000
Natural Disaster (X6) -0.145195 0.033424 -4.344078 0.0000
Effects specification
Cross-section fixed (dummy variables)
R-squared 0.851776 Mean dependent var® 35.85704
Adjusted R-squared 0.829064 SD dependent var 5.049856
SE of regression 2.087832 Akaike info criterion 4.435853
Sum squared resid 1081.042 Schwarz criterion 4.933134
Likelihood logs -597.5449 Hannan-Quinn Criterion 4.635156
F-statistics 37.50376 Durbin-Watson statistics 1.786219
Prob(F-statistic) 0.000000

1-Standard Error
2 Probabitity
3 Variable

industrialization and natural disasters were fixed
(constant), then the value of the inclusive green
growth index was 69,63627 . The R-squared value of
the IGG equation was 0.851776. This showed that the
contribution of exogenous variables (Inclusive Human
Development, Regional Financial Performance,
Infrastructure, Crime, Industrialization and Natural
Disasters) to endogenous variables (IGG) was 85.18%
while 14.82% was influenced by other variables not
included in this IGG equation model.

Statistical t test results

The probability value of each variable can be
seen in Table 3. The results of Table 3 showed that
the Inclusive Human Development variable had a
significant effect on the Inclusive Green Growth
variable. This is indicated by the probability value
of Inclusive Human Development was 0.00000r less
than 0.05. Therefore, Inclusive Human Development
partially had a significant effect on Inclusive Green
Growth in Indonesia. On the other hand, the Regional
Financial Performance variable had a positive and
significant effect on the Inclusive Green Growth
variable. This is because the probability value of
Regional Financial Performance was 0.0230 or less
than 0.05. Therefore, Regional Financial Performance
partially had a significant effect on Inclusive Green

Growth in Indonesia. Furthermore, the Infrastructure
variable had a significant effect on the Inclusive Green
Growth variable. This is because the probability value
of the Infrastructure was 0.0000 or less than 0.05.
Therefore, infrastructure partially had a significant
effect on Inclusive Green Growth in Indonesia. In
addition, the crime variable did not have a significant
effect on the inclusive green growth variable. This
is because the crime probability value was 0.1046
or greater than 0.05. Therefore, partially, crime
had a significant effect on inclusive green growth
in Indonesia. Furthermore, the Industrialization
variable had a significant effect on the Inclusive Green
Growth variable. This is because the probability value
of Industrialization was 0.0000 or less than 0.05.
Therefore, partially Industrialization had a significant
effect on Inclusive Green Growth in Indonesia. Then,
the Natural Disaster variable also had a significant
effect on the Inclusive Green Growth variable. This is
because the probability value of Natural Disaster was
0.0000 or less than 0.05. Therefore, partially, Natural
Disasters had a significant effect on Inclusive Green
Growth in Indonesia.

F test results

The results of the analysis on the inclusive green
development equation explain the probability value
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of F statistic was 0.000000. By using level 95 percent
confidence or 0.05, then value probability in
equation inclusive green development with F statistic
0.000000 was less than 0.05. Therefore, in the inclusive
green development equation, Ho is rejected and Ha
is accepted. Thus, the variables of X1, X2, X3, X4, X5
and X6 silmutaneously had a positive and significant
effect on the Inclusive Green Growth variable (Y).
Partially, inclusive human development had a positive
and significant impact on inclusive green growth in
Indonesia. If inclusive human development (in this
study using gender development data) is improved, it
will encourage an increase in inclusive green growth.
On the other hand, if inclusive human development
decreases or does not increase, then inclusive green
growthalsodecreasesordoesnotincrease. Thedecline
in inclusive human development will make it difficult
for all levels of society to enjoy equitable growth
that is environmentally friendly or inclusive green
growth (Koziuk et al., 2019). The above conditions are
in accordance with the endogenous growth theory
pioneered by Romer, (1986) and Lucas, (1988), which
in its development state that human resources are the
main key to increasing economic productivity through
learning-by-doing behavior that can provide an
introduction to new things in the economy as a driver
in increasing economic productivity, as well as new
discoveries that continue to be made will be the main
source for increasing economic productivity (Arsyad,
2006). In general, it is stated that human development
has a positive effect on economic growth, inclusive
growth and environmental sustainability so that
Human development is important to encourage
future economic growth that continues to grow and
leads to inclusiveness or equity and is environmentally
friendly (Li et al., 2021; Aimon et al., 2020; Tran et al.,
2019). In addition, the regional financial performance
generated by local governments partially also has
a positive and significant influence on inclusive
green growth in Indonesia. If the regional financial
performance, such as, fiscal decentralization ratio,
regional financial independence ratio, government
expenditure or expenditure, which are produced by
local governments in Indonesia are effective, then
inclusive green growth can be achieved. On the
other hand, if the regional financial performance
produced by the regional government is not effective
in supporting development, then inclusive green
growth is difficult to realize. This finding is also in
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line with previous findings which stated that good
financial management can affect regional progress
both economically, effectively and efficiently, thereby
encouraging economic growth, equitable economic
growth, accesstoemploymentand reducing poverty so
that it has an impact on the community to control the
use of natural resources available in the environment
(Faridi et al., 2019; Kolawole, 2016; Oyinlola 2013).
Infrastructure provides a large multiplier effect in
creating jobs and creating sustainable growth so that it
can create inclusive green growth and have a partially
positive and significant impact on inclusive green
growth in Indonesia. The absence of infrastructure
will certainly slow down the realization of inclusive
green growth. This phenomenon is in accordance with
Harrod-Domar’s Theory of Economic Growth, which
stated that to grow the economy, new investments
are needed in addition to the capital stock. The
relationship between infrastructure and economic
growth shows positive and significant results (Kodongo
et al., 2016; Daido et al., 2013; Sahoo et al., 2012).
However, in other forming variables, infrastructure has
a significant negative relationship with poverty (Asian
Development Bank, 2012). In terms of infrastructure
development, care is needed so that it does not have a
negative impact on this growth because infrastructure
is less useful for the community while the level of
costs incurred for development is very high (Shi et
al., 2017). Partially, crime does not have a significant
effect on inclusive green growth in Indonesia. This
means that if the crime rate increases or decreases in
Indonesia, then it does not have a significant impact
on increasing inclusive green growth in Indonesia.
This phenomenon is relevant to previous researches
which stated that if the government has a high
concern for reducing crime rates, other government
programs can be implemented, so that people can
ignore crime to continue their activities (Kumar et al.,
2020; Siwach, 2018; lyer et al., 2015). This finding is
not relevant to previous research which stated that
crime is a major impediment to economic growth
and development and crime rates substantially
increase income inequality (Anser et al., 2020; Hipp
etal., 2019; Athukorala et al., 2015). However, further
analysis is needed for the findings. Lorenc et al. (2012)
who found crime and fear had a large impact on well-
being, but the relationship was often highly indirect,
but was mediated by environmental factors. On the
other hand, reduced industrial activity is followed



by reduced exploitation of natural resources so as
to preserve the environment. However, inclusive
green growth which is a composite of inclusive
growth and green growth is negatively affected by
industrial growth. This phenomenon clarifies the
hypothesis Environmental Kuznets Curve (EKC) which
illustrates the contribution of economic growth to
higher emissions but at the time of further economic
growth can reduce environmental degradation due to
technological advances and the shift of the industrial
sector to the service sector (Usenata, 2018). Thus,
an increase in the role of the industrial sector in
the economy of a country will lead to an increase
in pollution in that country, thereby reducing the
quality of the environment. This result contradicts
the previous finding which stated that an increase
in industrial output will increase economic growth,
which means that industrialization is positively and
significantly related to economic growth (Ndiaya et
al., 2018). In addition, research on industrial growth
is also relevant to previous research that industrial
growth has a negative effect on green growth (Appiah
et al., 2019; Bhuyar et al., 2020; Cherniwchan, 2012).
Natural disasters that often occur in Indonesia
partially have a negative and significant impact on
inclusive green growth in Indonesia. If the incidence
of natural disasters decreases, it will have an impact
on increasing inclusive green growth. On the other
hand, if the incidence of natural disasters increases, it
will also be followed by a decrease in inclusive green
growth.Thus, an increase in the incidence of natural
disasters will increase environmental degradation
and have an impact on environmental damage that
provides resources for production activities so that it
can inhibit the rate of output growth, thereby causing
an increase in unemployment, an increase in poverty
and income inequality. This finding is relevant to the
findings in previous studies which stated that is natural
disasters that occur have a negative and significant
relationship to the variables forming green inclusive
growth (Goebel et al., 2015; Felbermayr et al., 2014;
Rodriguez-Oreggia et al., 2013). The most consistent
response of economic growth to disasters has been
a decline in local productivity and labor demand
(Boustan et al., 2020), natural disasters widen income
inequality in the short term for 5 years, but this effect
disappears in the long term for 10 years (Yamamura,
2015).
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The second hypothesis in this study proved to
be accepted. Thus inclusive human development,
regional financial performance, infrastructure,
crime, industrialization and natural disasters had
a significant effect on inclusive green growth in
Indonesia. Meanwhile, the first hypothesis is not
entirely accepted, thus, partially, inclusive human
development, regional financial performance,
infrastructure and natural disasters had a positive
and significant impact on inclusive green growth in
Indonesia. On the other hand, industrialization had a
significant negative effect on inclusive green growth
in Indonesia. Then, partially, crime did not have
a significant effect on the inclusive green growth
variablein Indonesia. To realize inclusive green growth
in Indonesia, it is recommended to stakeholders,
especially the government or policy makers to be able
to continue to increase the distribution of human
development for men and women, increase social
inclusion by providing access to women to participate
in various fields of life, especially in the political and
economic fields. Furthermore, the government
needs to improve regional financial performance
by increasing income in order to be able to finance
equitable and environmentally friendly growth
programs, addition or improvement of economic
infrastructure such as additional provision of proper
environmental sanitation, clean drinking water and
electricity installations for people who have not been
able to receive it. Providing technology that supports
environmentally friendly industries to support green
industry programs as well as social infrastructure
such as increasing the capacity of schools towards
technology-friendly schools, increasing the capacity
of health centers and adding additional health
centers in areas not yet reached by health facilities.
Furthermore, the government must strive to
encourage the growth of environmentally friendly
industries and can also create jobs to reduce the rate
of growth of poverty and income inequality. Then the
government must be able to mitigate natural disasters
to avoid environmental damage and losses as a result
of these natural disasters. The author understands
that there are many other variables that also have
a contribution to increase inclusive green growth,
not only limited to exogenous variables in this study.
Therefore, future researchers can observe these



other variables, thereby enriching the references for
variables that encourage inclusive green growth in
their research areas.
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The presence of these habitats and breeding increased the contact between humans and
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spatial distribution. Remote Sensing and geographic information system were used to
determine the land use and land cover change in selected districts of North Borneo in Sabah,
as the study areas.

The malaria incidence rate shows an increase from 2005 to 2019, with 149.64%.
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Urbanization is one of the main contributors to
land-use change and contributes to an increase in the
occurrence of malaria (Tatem et al., 2013). It builds
a suitable environment for mosquito breeding, thus
inducing higher malaria occurrence. The hidden place
that will be removed from mosquitoes’ breeding
habitats (Tucker et al., 2017) will lead them to travel
to the nearest residential area, thus increase the
transmission. Apart from that, man-made activities
which have converted land for agriculture, such as
oil palm plantations, logging, or mining (WWF, 2020),
will alter the ecological balance and suitable climatic
conditions for breeding, thus transmitting malaria
(Baeza et al., 2017). The population changes will
increase malaria transmission as it increases the rate
of spreading cases from one region to another due
to higher contact between humans and mosquitoes
(Martens and Hall, 2000). Mosquitoes’ larval
abundance and survival rates are affected by land-
use change such as reducing the canopy of forest
cover, increasing the availability of open and sunlit
habitats and crop activity that will provide higher
breeding ground (Yadav et al., 2014). The larval
habitat that has altered makes the larval survivorship
increased by accelerating their development rate or
increasing larval pupation rate, and adult emergence
rate (Brown et al., 2018). Deforestation and land
clearance will change the climate effect by increasing
the temperature that will also increase the malaria
vector reproductive rate. Blood meal digestion
rates have been found directly proportional to the
surrounding temperature. Weather conditions
during rainy weather with a lower temperature
will slow the blood meal digestion compared to
warmer temperatures (Mawili-Mboumba et al.,
2013). The temperature will affect the gonotrophic
cycle length with the time between a blood meal
and oviposition (Bousema and Drakeley, 2011). In
the adult stage, an increase in ambient temperature
will accelerate the digestion of blood meals (Babaie
et al., 2018). Increased biting frequency and faster
blood meal digestion also mean increased fecundity
and reproductive fitness (Lowassa et al., 2012).
For rainfall amount, it will influence the habitat of
mosquitoes breeding, and humidity will control
their activities and life duration (Le et al., 2019).
During rainy seasons, it is attributed to lower larval
density due to the flush effect by washing eggs and
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larvae from the habitat (CDC, 2018). However, some
findings show rainfall coincided with the abundance
of adult mosquitoes due to a habitat rich with food
resources and nutrients (Kweka et al. 2016; Mukhtar
et al., 2019). Lower humidity in houses coincided
with a negative survival rate of malaria mosquitoes,
and they have a higher net reproductive rate with
higher fecundity (Haque and Basak, 2017). The study
of land use and land cover (LULC) changes is essential
for effective natural resource planning, exploitation,
and management (Pohl, 2014). Traditional methods
for gathering demographic data, censuses, and
environmental sample analysis are insufficient for
multicomplex environmental studies (Rawat and
Kumar, 2015). Geographic information system (GIS)
is computer software capable of acquiring, analyzing,
and presenting geographically related (spatial) LULC
changes information (Mark and George, 2018).
Geographic information systems and remote sensing
have a wide range of applications in agriculture,
environment, and integrated eco-environmental
evaluation to assist in development-oriented
management and  decision-making  processes
(Torbick et al., 2016). GIS and satellite remote sensing
has evolved into a viable tool for developing and
interpreting global, physical processes impacting the
environment (Bouzekri et al., 2015). When dealing
with land-use changes with visualization tools and
imaging using satellite, it can be more efficient if
compared to the traditional/conservative application
of using time series and long-term statistical analysis
just for looking at the significant changes (Mark and
George, 2018). Due to the involvement of multiple
data sets, we used the latest technologies, remote
sensing, and GIS, to quantify LULC and its impact
on the emergence of malaria cases. This study is
useful in assessing relative mosquito abundance by
above-ground biomass from different land cover
classifications such as forested land, cropland and oil
palm conversions. Based on GIS analysis, a targeted
malaria control strategy was suggested to achieve
cost-effective measures of malaria on a sustainable
basis. Sabah’s forest resources have been over-
exploited for the last 30 years and mostly were
cleared due to oil palm plantation (Toh and Grace,
2005). Sabah recorded 45% of malaria cases reported
in Malaysia from 2010 to 2014 (Ramdzan et al., 2020).
However, the major causes of spatial differences in
vector distribution and abundance in this region with



heterogeneous environments with various changes in
land use and land cover have never been investigated,
mainly using satellite imagery by GIS and remote
sensing. Therefore, this study aimed to determine
the presence and magnitude of malaria transmission
related to the land use and cover change in North
Borneo of Sabah, Malaysia, from 2005 to 2019.

Description of the study area and context

The study area in this study was focused on the
North Borneo of Sabah. The locations involved in
this study, Ranau, Tambunan, Keningau and Tenom,
were coincidentally designated as study sites. One
of the reasons these highland districts were chosen
for the study was the large increase in malaria cases
recorded in these areas. Highland area had reported
experiencing a surge in the number of malaria cases,
and the spatial-temporal patterns in the different
mountainous regions have yet and seldom focused
in this area (WHO, 2014). The total land area of the
study area is approximately 10267 kilometers square
(Ranau 2978 km? Tambunan 1347 km? Keningau

3533 km? Tenom 2409 km?). Fig. 1 shows the
geographic location of the study area in the highland
districts of Sabah, Malaysia.

Besides the climate factor, land use has many
effects on disease transmission and occurrence. The
Sabah’s land use and land cover (LULC) map that the
public can obtain is only updated to 2008 (MAMPU,
2018). Lack of up-to-date data is hard to implement
better planning and management on land. In this
study, an updated land use map of selected districts
in Sabah was produced for a specific study period
of 2005, 2010, 2015, and 2019. The LULC maps are
required to provide information on which activities
have been done from the past then compare them to
the present and how they affected the environment.
It is also helpful for assessing land cover change
of origin and occupied areas in each period. The
information can be used to evaluate the relationship
between land use type changes and the occurrence
of malaria in a specific region. The multi-temporal
satellite image was acquired from Moderate
Resolution Imaging Spectroradiometer (MODIS)
satellite, and Geographic Information System (GIS)
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Fig. 1: Geographic location of the study area in selected districts of Sabah, Malaysia with a red line indicated the boundary of each district
which the study was conducted
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software was employed to generate the land cover
map for highland districts of Sabah for the years
2005, 2010, 2015, and 2019 for malaria cases data in
selected districts of Sabah.

Land cover change data and accuracy assessment
Multi-temporal satellite image of the study area
was acquired from the United States Geological
Survey (USGS) (USGS, 2020). The 14 years range
time frame of the satellite image was obtained from
MCD12Q1 Version 6 with 500 m spatial resolution.
The year of satellite image selected is from 2005 as
a starting point of widespread malaria after 2004,
with a five-year interval period. The year 2019 will
represent the latest changes that can be observed
in the study area. Moderate Resolution Imaging
Spectroradiometer (MODIS) images have a low spatial
resolution (500 m), yet it has a higher observation
frequency (Miuse and Kamlun, 2019). MODIS images
were chosen for this study over Landsat images
(higher spatial resolution) because the study area is
highland, where the cloud will always be prevalent.
All satellite images obtained from MCD12Q1 Version
6 were cloud-free images. Land cover is classified
based on the International Geosphere-Biosphere
Program (IGBP) classification scheme, consisting of
17 classes. In this study, the 17 classes from the IGBP
classification scheme were simplified into 4 main
classes, forests, oil palm, croplands, and urban. The
accuracy assessment in the land cover classified map
indicated the accuracy level of the study comparison
of a classified map and ground truth data (Kamlun
et al., 2016). Ground truthing data was chosen to
conduct field inspection, and the random points
were generated from ArcGIS software (ArcMap 10.8).
The point’s data was then transferred into KML file
type to refer on Google Earth Pro in the specific study
period of 2005, 2010, 2015, and 2019. The steps of
this accuracy assessment involve stratified random
sampling, which proceeds on the defined land cover
classes. In this study, 50 random points were assigned
for the forest and oil palm areas, respectively (study
area main focus), and 20 random points were
assigned for cropland and urban areas. The land
cover change classification accuracy was evaluated
by calculation on error matrix that includes user’s
accuracy, producer’s accuracy, overall accuracy, and
Kappa coefficient. Kappa coefficient is a statistical
measure that can be used to validate the generated
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map. It is also an accuracy assessment that has been
widely used by the study on remote sensing field
(Phua and Tsuyuki, 2004). Kappa statistics can help
determine how closely the occurrences are classified
by matching the data labelled as ground truth with
the random classified data by estimated accuracy. This
study conducted post-classification change detection
for land cover changes analysis on each class. Change
detection is a process to determine the changes in the
state of something by observing it from time to time
(Alawamy et al., 2020). The advantages of applying
change detection in post-classification include
minimization of atmospheric or environmental
differences between maps, thus more information
provided from matrix table of land cover changes, and
a better evaluation of the change rates (Ukor et al.,
2016). Calculation of change for each land cover class
includes the magnitude of change (the difference
between years), percentage of change (magnitude
of change divided by the initial year and multiplied
by 100%), and the annual rate of percentage change
(magnitude of change divide by the initial year times
number of years of the period and multiply with
100%) (Alawamy et al., 2020). The changes in the
land cover area of each highland district from 2005 to
2019 are shown in the land cover conversion map and
tabulated in a cross table to analyse the ‘from-to’ of
each land cover class. Thematic map involved in this
study is the land cover classification, which are forest,
cropland, and oil palm, to assess land cover changes
by above-ground biomass, and based on malaria
incidence rates category of risk, with remote sensed
data and topo sheets of 1:50,000 and 1:125,000 in
preparing the thematic maps. Digitized overlaid maps
were subjected to computer analysis using ARC/INFO
3.1 software.

Malaria transmission cases and data analyses

The malaria cases data in Sabah were obtained
from the Malaysian Ministry of Health. Malaria cases
have shown increased from the year 2005 in the
highland district, data from the year 2005 to 2015
was chosen to make a comparison by an interval of
5 years range (2005, 2010, and 2015), whereas 2019
was chosen as MODIS image only available latest in
this year. Data analysis was conducted to show the
spatial movement of malaria transmission in study
areas from 2005 to 2019. The incidence rate of
malaria in each selected district will be calculated
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based on the population from each district according
to the Malaysian Census. The annual population
of the district was estimated based on the 2000
Malaysian Census, 2010 Malaysian Census and open
population data from the Department of Statistics
Malaysia. The annual incidence rate of malaria was
calculated using the number of malaria cases per year
divided by the annual population data for each district
and multiplied by 1000. A map of malaria incidence
rate per 1000 population annually for each district
was generated using ArcMap 10.8. Data acquired
from the Malaysian Ministry of Health was used to
analyse the peak occurrence of malaria disease and
combine it with the land cover to determine the
transmission factor. The malaria incidence rate per
1000 persons and the land cover changes data were
used to analyse the cumulative changes from 2005
to 2019. Only land cover of the forest, oil palm, and
cropland were chosen for the analysis because urban
had no significant effect or changes during the study
period. Pearson’s correlation and Multiple Linear
Regression analyses were carried out to determine
the relationship between annual land cover changes
and malaria incidence rate per 1000 persons in the
study area yearly from 2005 to 2019. This analysis
is important to reveal the susceptibility of malaria
cases towards the land cover changes (Franzese and
luliano, 2019).
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RESULTS AND DISCUSSION
Spatial distribution of malaria in highland districts

Fig. 2 shows the trend of incidence rate per 1000
persons for the four selected districts. From 2005 it
was recorded at 3.26 to 6.98 incidence in 2019 with
an increment of 149.64%. Overall findings show
that the malaria incidence rate is highest at Ranau
district at 2.67 incident rate and 40.56% compared
to the other districts percentage. The second-highest
recorded at 2.26 for Tenom district (17.95%), followed
by Tambunan (31.78%) at 1.20 and the least Keningau
district (9.71%) at 0.83 incident rate during 2005 until
2019. However, by annual rate, Tenom recorded the
highest increment with 946.67%, followed by Ranau
155.46%, then Tambunan 79.31%, and Keningau
36.46% of increased for the 14-years. Apart from that,
the malaria incidence rate has dropped significantly
from 2009 until 2011, recorded at 6.87 (-9.42%,
2009), 5.11 (-29.64%, 2010) and 4.39 (-40.12%, 2011)
from 7.84 incident rate and decreased during the
year 2015 to 2016 at 4.23 (43.64%, 2015) and 2.91
(-58.96%, 2016) from 7.19 incidence rate for all of the
districts. For temporal distributions, the findings show
that 2017 recorded the highest malaria transmission
rate at 10.33, followed by 2018 at 9.03 incident rate,
and thirdly in 2008, recorded at 7.84.

The incidence rate of malaria for each district
was found highly variable from the year 2005 to
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Fig. 2: Malaria incidence rate/1000 persons for study areas
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2019, and the range of incidence rate was found
from 0.29/1000 persons to 4.09/1000 persons. Fig. 3
shows the malaria incidence rate per 1000 persons in
each highland district (Ranau, Tambunan, Keningau,
Tenom) in 2005, 2010, 2015, and 2019.

The level of malaria incidence rate was classified
as low (0 — 1.0), moderate (1.1 — 2.0), and high (2.1
— 3.0). In 2005, only the Ranau district showed a
moderate incidence rate, whereas the other three
districts were under a low incidence rate. In the year
2010, the malaria incidence rate of Ranau district
increased to a high level, whereas the other three
districts remained at a low-level incidence rate. In
2015, the malaria incidence rate of Tenom district
increased to a moderate level together with Ranau
district (decreased from a high level), and the other
two districts remained a low level of malariaincidence
rate. In 2019, only Keningau district remained a low
malaria incidence rate where Tambunan district
increased to a moderate level of incidence rate,
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Ranau district, and Tenom district increased to a high
level of malaria incidence rate. Overall, the malaria
incidence rate is decreased in 2015 as the malaria
cases were reported lesser. Meanwhile, through
visual observation on distribution maps, the malaria
incidence rate increased from 2005 to 2010 and 2015
to 2019. Ranau district has the highest incidence rate,
followed by Tenom district, Tambunan district, and
Keningau district. This may be due to the expansion
of oil palm plantation from forest land cover, which
mainly occurs nearby Ranau district and Tenom
district, as observed from the land cover map in the
following subsection.

Land cover change in highland districts

The land cover changes in selected districts of
Sabah (Ranau, Tambunan, Keningau, and Tenom)
were compared for the years 2005, 2010, 2015, and
2019. The land cover map was generated consisting
of four primary spatial information: forest, oil palm,
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Fig. 3: Spatial distribution of malaria incidence rate per 1000 persons in each selected district of Sabah
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Fig. 4: Land cover map of each district for the year (a) 2005; (b) 2010; (c) 2015; and (d) 2019

cropland, and urban for this study. Fig. 4 shows the
land cover classification map of highland districts in
the years 2005 (a), 2010 (b), 2015 (c), and 2019 (d).
From the observation of the maps, the forest
was found to predominate the land cover type
followed by oil palm, cropland, and urban. A visual
comparison of the land cover maps from 2005 to
2015 revealed that the forest coverage on the land
cover map decreased significantly, and oil palm
coverage increased significantly. However, from 2015
to 2019, forest coverage had been slightly increased.
Forest class had the most extensive coverage area
with 7958 km? (76.73%), followed by oil palm with
2134 km? (20.57%), cropland with 271 km? (2.61%),
and urban with 9 km? (0.09%) in 2005; and 2010 with
7512 km?(72.13%), followed by oil palm with 2633
km? (25.39%), cropland with 217 km? (2.09%), and

urban with 9 km? (0.09%). In the year 2015, the most
extensive coverage of land cover classinthe study area
was also forest with 7076 km? (70.76%), followed by
oil palm with 3035 km? (29.26%), cropland with 252
km? (2.43%), and urban with 9 km? (0.09%). However,
the lowest coverage of forest investigated in 2015
may be related to the occurrence of an earthquake
at Ranau district, Sabah. In the year 2019, forest class
remained the most extensive coverage in the study
area with 7291 km? (70.30%), followed by oil palm
with 2846 km? (27.44%), cropland 226 km? (2.18%),
and urban 9 km? (0.09%). The overall classification
accuracies for the generated highland district map
images are recorded at the range of 86% to 100%
accuracy with kappa coefficients value of 0.78 to
0.83. Fig. 5 shows the changes for each land cover
type in study areas during the study period. In the
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14 years, forest coverage showed a drastic decline.
Between years 2005 — 2010 and years 2010 — 2015,
forest area showed extreme losses by 446 km? and
436 km?, while between years 2015 — 2019 showed a
moderate increase in area by 215 km?.

This may be due to the implementation of the
land usage policy by the Sabah state government
on the restoration of degraded forests (Jaafar et al.,
2020). Between years 2005 — 2010 and years 2010
— 2015, the oil palm area showed a drastic increase
by 499 km? and 402 km?, whereas between the years
2015 - 2019 showed a moderate decline by 189 km?.
The decline of oil palm plantations was associated
with the Crude Palm Qil prices, which were relatively
low in that period (CPO, 2019). Also, the efforts of
NGOs and some journalists may have impacts on the
implementation of constrained plantation expansion
by the government (Gaveau et al., 2018). Cropland
area showed slightly decreased between years 2005
— 2010 and years 2015 — 2019 by 54 km? and 26
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km? respectively but increased somewhat between
years 2010 — 2015 by 35 km?. The slight increase in
cropland area from 2010 to 2015 may be due to the
Sabah earthquake in Ranau district, which induced
barren land coverage (Miuse and Kamlun, 2019).
However, the urban area does not change from
2005 to 2019. The area changes indicated that most
forest reduction was related to expanding of oil palm
plantations. Over time, the cover type of land was
changed due to various anthropogenic activities such
as plantation, agriculture, construction, and more to
overcome human demands and population growth
(Kweka et al., 2016). A recent study by Miuse and
Kamlun (2019) indicated that the land cover changes
of highland districts of Sabah were related to both
natural and anthropogenic factors, as the protected
forest area also found drastic losses in the study
period. Table 1 shows the total area changes and
annual change rate from 2005 to 2019.

Overall, cropland area had found dramatically
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Fig. 5: Land cover change trends of study areas during the study period

Table 1: Land cover change from the year 2005 to 2019

2005 2019 Area change Annual change rate
Land Cover Classes
Area (km?) Area (km?) km? % km?/year %
Forest 7958 7291 -667 -8.38 -47.64 -0.60
Oil Palm 2134 2846 712 33.36 50.86 2.38
Cropland 271 226 -45 -16.61 -3.21 -1.19
Urban 9 9 0 0 0 0




decreased in 16.61% with 45 km?, and the annual
rate of change was -3.21 km?/year (1.19%). Forest
area also dropped in extensive coverage with 667
km?, but lower in percentage (8.38%), and the
annual rate of change was -47.64 km?/year (0.60%).
A recent study by Jaafar et al. (2020) indicated that
a large percentage of oil palm cover was on the
agricultural land compared to the forest in Sabah
from 1990 to 2018. This can be explained due to the
implementation of the land usage policy by the Sabah
state government, which restricted the cultivation
of oil palm in specific designated agricultural land.
The oil palm area had drastically inclined between

the years 2005 to 2019 with 712 km? (33.36%) in a
total of study areas, and the annual rate of change
was 50.86 km?/year (2.38%). This result indicated
that the oil palm plantation had expanded rapidly in
highland areas of Sabah specifically between these
periods. However, this study does not significantly
change urban areas due to MODIS images with low
spatial resolution. Table 2 shows a more detailed
land cover change rate for each district from 2005 to
2019. For Ranau and Tambunan district, only forest
cover decreased in the area where oil palm cover
and cropland cover gained between the years 2005
to 2019. For Keningau and Tenom districts, cropland

Table 2: Land cover change for each district from the year 2005 to 2019

2005 2019 Area change Annual change rate
Land Cover Classes
Area (km?) Area (km?) km? % km?/year %
Ranau district
Forest 2515 2353 -162 -6.44 -11.57 -0.46
Oil Palm 421 569 148 35.15 10.57 2.51
Cropland 20 34 14 70.00 1.00 5.00
Urban 1 1 0 0 0 0
Tambunan District
Forest 1366 1295 -71 -5.20 -5.07 -0.37
Oil Palm 121 190 69 57.02 4.93 4.07
Cropland 8 10 2 25.00 0.14 1.79
Urban 0 0 0 0 0 0
Keningau District
Forest 2143 1785 -358 -16.71 -25.57 -1.19
Oil Palm 1309 1713 404 30.86 28.86 2.20
Cropland 195 149 -46 -23.59 -3.29 -1.68
Urban 6 6 0 0 0 0
Tenom District
Forest 1934 1858 -76 -3.93 -5.43 -0.28
Oil Palm 283 374 91 32.16 6.50 2.30
Cropland 49 35 -14 -28.57 -1.00 -2.04
Urban 2 2 0 0 0 0
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cover was found mainly loss, followed by forest cover
where oil palm cover gained between years 2005 to
2019. A generated land cover conversion map from
the change detection analysis from 2005 to 2019 is
shown in Fig. 6. The land cover classes have their
gain, loss, and unchanged area between these 14
years. From the visual observation on the map, the
most apparent conversion occurred was forest cover
to oil palm cover (pink color), followed by cropland
cover converted to oil palm cover (blue color), and
oil palm converted to the forest (orange color). The
conversion of mostly land-use class to oil palm was
due to fulfilling the growing demand of the oil palm
industry (Wicke et al., 2011). Besides, the Sabah state
government also implemented a specific land usage
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policy to restore degraded forests to overcome oil
palm cultivation and reduce environmental impacts
(Jaafar et al., 2020). The total area of land cover
conversion ‘from-to’ for each class between the years
2005 to 2019 would be determined in the cross-
tabulation matrix.

Table 3 shows the cross-tabulation of land
cover class ‘from-to’ between 2005 and 2019. The
cross-tabulation of land cover conversion analysis
consists of rows representing land cover in 2005
and columns representing land cover in 2019. The
highlighted diagonal value in Table 3 represented
each class’s unchanged area from 2005 to 2019.
Readings according to rows show the land cover
area loss from 2005 to 2019, and the readings
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Fig. 6: Land cover conversion of study areas from the year 2005 to 2019

Table 3: Cross-tabulation of land cover change between the year 2005 to 2019

Land cover 2019

class area (km?) Forest Oil palm Cropland Urban Grand total
Forest 7002.60 916.59 39.07 0 7958.26

" Oil Palm 261.02 1810.65 61.61 0.64 2133.92

8 Cropland 27.26 118.28 125.79 0 271.33

~ Urban 0 0 0 8.80 8.80
Grand total 7290.88 2845.52 226.46 9.44 10372.31
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Table 4:

Correlation of land cover changes and malaria incidence rate in selected districts of Sabah

Coefficient (r) Forest Oil palm Cropland Malaria incidence
Forest 1

Oil Palm -0.999 1

Cropland 0.102 -0.146 1

Malaria incidence -0.135 0.144 -0.219 1

according to columns show the land cover area gain
of the year 2019 from 2015. Out of the 7958.26
km? of forest area coverage in 2005, 7002.60 km?
remained unchanged in 2019, while 916.59 km? and
39.07 km? were converted to oil palm and cropland,
respectively. Also, some forest areas increase from
oil palm (261.02 km?) and cropland (27.26 km?) from
2005 to 2019. Oil palm area out of 2845.52 km? in
2019 gained mainly from the forest as mentioned
before, and cropland gained 118.18 km? in 2005. Qil
palm area from 2005 remains unchanged to 2019 at
1810.65 km?. Out of 271.33 km? of cropland area in
2005, 125.79 km? remained unchanged in 2019. The
cropland area gained in 2019 from oil palm at 61.61
km?2. Out of the 9.44 km? urban class in 2019, 8.80
km? remained unchanged from the year 2005. Only
a minimal area from the oil palm class (0.64 km?) in
2005 was converted to urban in 2019.

Land cover change effects on malaria occurrences

Statistical analysis was performed on the
cumulative annual land cover changes and annual
malaria incidence rate per 1000 persons of the study
area. Table 4 shows the correlation of land cover
changesand malariaincidencein study areas of Sabah.
Interpretation of analysis focused on each land cover
type change and the malaria incidence rate. Where
r = -0.135 shows a weak negative correlation for the
forest, r = 0.144 shows a weak positive correlation for
the oil palm, and r = -0.219 shows a weak negative
correlation for the cropland.

The correlation performed between forest area
changes and malaria incidence showed a weak
negative result indicating there was a possibility
that the more significant the forest change (forest
loss) it will cause the higher malaria incidence rate.
The result was consistent with previous studies in
African highlands where deforestation was the main
factor that promoted the vector population growth
and survival rate that caused the high occurrence
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of malaria, mainly in the deforested area (Kweka et
al., 2016; Tuno et al., 2005), which indicated that
forest area changes might have indirect impacts on
the malaria cases in highland districts of Sabah. The
correlation performed between oil palm area changes
and malaria incidence showed a weak positive result,
indicating that there was a possibility as the more
significant the oil palm change (oil palm gain), the
higher the malaria incidence rate reported. From
the result of land cover change presented before,
most of the deforestation area in the highland of
Sabah was due to conversion to oil palm plantation.
A recent study by Yusof and Rusli (2018) reported
that 24.2% of the land-use area of Sabah converted
to oil palm plantation in the year 2000 to 2016 was
due to the increase of oil palm industry demand. For
the cropland area changes and malaria incidence,
the correlation performed showed a weak negative
result, which indicated there was a possibility that the
more significant the cropland area change (cropland
loss), the malaria incidence rate would be higher. An
interesting study found that cropland activity was
positively associated with malaria prevalence but
only with a specific condition (fire-fallow cultivation),
not including deforestation (Vittor et al.,, 2009).
Therefore, the changes of cropland area to oil palm
area in the study areas of Sabah were probably
through deforestation. Multiple linear regression
analysis was used to define the association between
land cover changes (forest, oil palm, and cropland)
and malaria incidence in highland districts of Sabah.
Table 5 shows the relationship between land cover
changes and malaria incidence in the study area.
The regression statistics adjusted R square showed a
negative value (-0.183), which indicated insignificance
on independent variables. The same goes for
evaluating the ANOVA table, which showed the same
results. The significance of F > 0.05 concluded that
this model is not a significantly good fit. Also, since
all of the p-value > 0.05, a large p-value represented



Table 5: Regression analysis of land cover changes and malaria incidence rate

Regression Statistics

Multiple R 0.300

R square 0.090

Adjusted R Square -0.183

Standard Error 2.239

Observations 14

ANOVA df SS MS F Significance F
Regression 3 4.973 1.658 0.331 0.803
Residual 10 50.120 5.012

Total 13 55.093

Variable Coefficients SE t Stat P-value
Intercept 4.326 2.187 1.978 0.076
Forest 0.682 1.198 0.570 0.582
Oil Palm 0.682 1.196 0.570 0.581
Cropland 0.626 1.161 0.539 0.602

insignificantly, indicating that the land cover changes
have no significance associated with the malaria
incidence.

Therefore, land cover changes did not significantly
associate with the malaria incidence rate in selected
districts of Sabah. This work’s efforts to do the
statistical analysis for correlation and regression can
still be the framework and guidance for assessing
the relationship of malaria transmission cases
related to land use and cover change. Both analyses
show no significance and weak relationships are
believed due to the sample number of cases that
are relatively low for a time series type of analysis.
The study only depends on the limited data given by
the Health Ministry of Malaysia, which only involved
the total average by yearly cases that may affect the
significant and relative comparison for the statistical
analysis. Nevertheless, still with the added value of
using GIS and remote sensing application onto the
imaging map produced from this study, it could help
to show how significant increased and decreased of
the malaria cases only by viewing the maps based
on the targeted area, rather than depending 100%
on the statistical analysis for time series. Anyhow,
this result was acceptable by referring to Singkong
and Aralas (2017) study, which found that land cover
changes significantly explained the malaria cases
but not malaria incidences in Malaysia. Overall, land
cover changes weakly correlate with the malaria
incidences, as they may not be directly impacted.
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Many other factors, such as vector population,
growth rate, survival rate, or temperature rise,
show more significant direct effects toward malaria
incidences that not been covered by this study;
and in this research, only the land cover changes
were the main drivers for promoting those factors
(Kweka et al., 2016). Moreover, an overview study
in Africa concluded that land cover change effects
on malaria transmission were regionally unique
according to the vector distribution and adaptation
preference. According to the vector species in this
case study, a specific analysis will better understand
the relationship between land cover change and
malaria transmission. This research application
can be a tool that is easy to interpret by visualizing
the transmission cases and contributes to a more
interactive and visualization instrument by GIS
mapping and remote sensing simulation. Thus,
it can ultimately support policymaking to target
the general condition of whether the disease is
hazardous or not. This research is novel based on
the application of GIS as a visualization instrument
to map the malaria cases associated with the land
use/cover type. By this study, we also utilize fewer
malaria cases data by getting the absolute mean
average, which is the same thing that will be used at
the end of the long-term analysis, as the components
of variation (trend, seasonality and the remainder)
(Archer et al., 2017). It also fits to be applied for the
extreme event (extreme data) when it reoccurs at



the specific period of time and the specific period
of that transmission peak (Rani et al., 2018). The
absence of data set and the problem of accessibility
to this kind of database for some countries makes
it even more difficult to do the long-term analyses
that normally will involve lots of databases and
extensive work that is complex in technicality
and interpretations for the final findings. These
obstacles and limitations create a research gap in
environmental science and health that often will
stop other researchers from continuing the long-
term analysis due to the incomplete dataset for the
analysis, which they forget this type of limited data
set can be very important to extract the information
from it. By this research, instead of using a huge
number of the database for the time series and
long-term analysis, the absolute average of the
mean yearly from any existing data could be used,
which will give the same results as the traditional
method (Lang et al., 2019). Hence, this research was
performed to maximize the usage of GIS and remote
sensing mapping by filling up the gap in the efforts
to simplify the methodology to be more practical
and functional by targeting the specific event at
the exact period of time, in order to overcome data
limitations and deem to maximizing the efficiency
of the malaria diseases control and management.
However, in a different context, it is recommended
that future research include all the other factors
together in the analysis, especially for climate effect
analysis integrated with the malaria transmission for
a better significance of findings. In addition, number
sets of data probably are required just for getting
a more reliable of difference and relationship
significantly for the statistical analysis. Comparison
for the selected study areas located at the highlands
with the lower lands for the malaria transmission
cases is also important for future research to analyze
the emergence of highland malaria transmission.
By this, it can detect the affected by the climate-
driven or non-climate factor such as the topography
factor in the different altitudinal zone to minimize
the transmission so that more robust and effective
management can be conducted for public health.

In conclusion, the malaria incidence rate for
each district was found highly viable from 2005 to
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2019, ranging from 0.29/1000 persons to 4.09/1000
persons. In 2019, Ranau and Tenom districts had a
high malaria incidence rate compared to previous
years. Overall, the malaria incidence rate shows an
increment from 2005 to 2019, increasing 149.64%.
Through visual observation on distribution maps
produced, the malaria incidence rate shows the
increment from 2005 to 2010 and the year 2015
to 2019, and Ranau district still showing in the
transmission map the highest distribution of malaria
among the other districts of Sabah during the final
year of 2019. This is believed due to the expansion
of 33.6 % oil palm plantation with an annual rate
of 2.38 %, which mainly occurs near Ranau and
Tenom district as observed from the land cover
map. Overall, cropland area had found dramatically
decreased in 16.61% with an annual rate of change
at 1.19%. Forest area also dropped in extensive
coverage 8.38%, with an annual change rate of
0.60%. The correlation result showed a significant
relationship but rather weak between land cover
changes and malaria incidence in highland districts
of Sabah. Somehow, regression results showed an
insignificantly associated for independent variables
(land cover changes of forest, oil palm, and cropland)
towards the dependent variable (malaria incidence
rate/1000 persons). In addition, the land cover
change of forest to oil palm class was significant,
yet there was no causality relationship with regards
to the malaria incidence. More factors need to be
investigated, including climatic (rainfall density,
land surface temperature, or humidity) and non-
climatic (vectors population or human movement)
to understand malaria transmission better.
Improvement of these data and analysis tools was
helpful to develop the policies and implementation
methods for malaria control and future vector-
borne disease prevention. Nevertheless, the study
can be the blueprint and guideline framework to
analyse the emergence of malaria transmission so
that a more pragmatic and dynamic health control
program can be conducted.
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Biodiversity is the variety of life that exists on earth,
including all the organisms, species and populations
that come together in a complex manner to form
communities and ecosystems. Biodiversity describes
the diversity both in number and frequency in nature.
It is usually used in plants, animals, microorganisms
and others that make up an ecosystem (Rawat and
Agarwal, 2015). As a mega biodiversity nation, the
diversity and abundance of microalgae in Indonesia
are very high (Pikoli et al., 2019). The characteristics
of microalgae are that they are planktonic, epiphytic
and benthic. Microalgae live in various sub-habitats
(Hopes and Mock, 2015), such as benthic microalgae
found in sedimentary habitats, epiphytic microalgae
attached to substrates such as seaweed (Al-Harbi,
2017) and mangrove roots, and planktonic microalgae
found in the water column. Microalgae are autotrophic
organisms that use light to synthesize compounds
such as carbohydrate, proteins and lipids (Musa et al.,
2021). Benthic microalgae, called microphytobenthos,
are microscopic and capable of photosynthesis in
sediments. This type of microalgae can grow at low light
levels by utilizing a high concentration of nutrients in
the sediment. These microalgae are widely distributed
in nature, adapted to different environments and have
high diversity in size, morphology, life cycle, pigment
and metabolism (Baklouti et al., 2018). This is in
accordance with the statement of Risjani et al. (2021),
suggesting that microalgae can live in various habitats
with high levels of biodiversity. Habitats of microalgae
in various areas have different environmental
conditions. Environmental parameters such as physical,
chemical and biological parameters significantly affect
environmental conditions in microalgae habitats
(Prazukin et al., 2021). In every coastal ecosystem,
there are biotic and abiotic components that interact.
East Java has coastal areas with abundant microalgae.
The study of distribution of marine microalgae has
been carried out in several regions in Indonesia such as
in Tanjung Benoa Bali (Suteja et al., 2021), West Coast
South of Celebes (Tambaru et al., 2021), Simeulue
Island (Purbani et al., 2021), Tambrauw sea West
Papua (Purbani et al., 2019), Negeri Waai Beach of
Maluku Tengah Regency (Hulopi et al., 2016) and East
Java coast (Zakiyah et al., 2020). However, the study of
microalgae in several sub-habitats in Siwil beach and
Sempu Island is not done yet. The previous research
on both places was focused on distribution of brown
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algae (Achmadi dan Arisandi, 2021) and mangrove,
respectively (Suhardjono, 2013). Siwil Beach and
Sempu Island are often used for touristic activities,
aquaculture and domestic activities. Therefore, the
availability and the abundance of microalgae are very
influenced by the environmental factors (Astuti et al.,
2020). In addition, the analysis of the relationship
between microalgae abundance and environmental
factors is still limited to the influence of two variables,
namely the relationship between microalgae in the
water column and the environmental parameters
(Golubkov et al., 2019). In previous studies, there
has not been an analysis of the relationship between
microalgae in various sub-habitats with different
locations nor has there been an analysis of the
relationship between microalgae and environmental
parameters. Based on this, this study will compare the
relationship between microalgae, various sub-habitats
in different locations and environmental factors. The
aims of the current study are to assess the diversity
of microalgae in several different sub-habitats, by
identifying their types and abundance of microalgae
in sediments, mangroves, macroalgae and water
columns, and to analyse the environmental factors
that affected the abundance of microalgae in these
sub-habitats, to provide the database information of
microalgae diversity based on sub-habitats. This study
has been carried out in the South Coast of East Java of
Indonesia in 2021.

Study area

This study was conducted in the South Coast of
East Java in two locations (Fig. 1a and 1b), namely
Siwil Beach, Pacitan Regency (8° 15’ 53.5” S and 111°
16’ 48.8” E) and Sempu Island, Malang Regency (8° 27’
24” - 8° 4’ 54” S and 112° 40’ 45” - 112° 42’ 45" E).
The selection of locations on Siwil Beach and Sempu
Island was done because these locations represented
the distribution of microalgae on Java Island, especially
in the southern part; besides, Siwil Beach is used for
various water use activitiessuchastourism,aquaculture
and domestic activities, whereas Sempu Island is used
for tourism and domestic activities. In addition, the
current strength in the waters around Sempu Island
range from 0.3-0.6 m/s (Luthfi et al., 2018); from the
observation station with its back to the Indian Ocean,
the waves in the waters around Sempu Island are low,
while the current velocity in Siwil Beach, according to
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Fig. 1(b): The sampling sites details of Siwil Beach and Sempu Island, in Indonesia
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Khotimah et al. (2018), can reach 17 m/s with a wave
range of 4-5 m. Sampling on Siwil Beach was carried
out at eight sites: four sites were located in the sub-
habitats of mangroves and sediments and four sites
in the sub-habitats of macroalgae and water columns.
Meanwhile, sampling in Sempu Island was carried out
at four sites, with each site containing the sub-habitats
of sediments, mangrove roots, macroalgae and water
columns. The determination of the sampling location
was carried out to represent the population in Siwil
Beach and Sempu Island. The present study was
carried out in April-June 2021, during the dry season.
Water quality and microalgae sampling in the water
column sub-habitat was conducted at high tide. In
contrast, sampling of microalgae in the sub-habitats
of sediments, mangrove roots and macroalgae was
carried out at low tide, as these conditions allow
epiphytic microalgae to stick to the sediment surface,
mangrove roots and macroalgae. As stated by Garcia et
al. (2012), taking epiphytic microalgae at low tide can
facilitate sampling because of the short immersion.

Research procedure
Sampling of microalgae

Microalgae sampling in the sub-habitats of
sediments, mangrove roots and macroalgae was
carried out at the lowest tide using the transect
technique, by taking samples on the surface of the
substrate on which a rectangular slate mold (5 x 5
cm?) had been placed, following the protocol from
Essien et al. (2008). On the other hand, microalgae
sampling in the water column sub-habitat was carried
out following Kadim and Arsad (2016). Briefly, samples
were taken using a plankton net (mesh size 25 mm).
The filtered sample was placed into a 30 mL sample
bottle and was preserved using Lugol’s 4%.

Sample Analysis of Microalgae

Identification and calculation of microalgae
were carried out in the laboratory using an Olympus
light microscope with a magnification of 4x10
morphologically, by using book of Prescott (1970) and
the Lackey drop method modified from Clark (1981),
respectively. It was then continued with the calculation
of the abundance of microalgae in the water
column habitat (APHA, 1989), relative abundance
(Kusumaningsari et al, 2015), the abundance of
epiphytic and benthic microalgae (APHA, 1989),
diversity and uniformity index (Shannon, 1948) and
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dominance index (Kadim and Arsad, 2016).

Water quality measurements

Water quality measurements were performed in
situ that covers temperature (°C, PDO-520 DO meter),
transparency (cm, Secchidisk), pH (mediatech digital pH
meter 009), dissolved oxygen (DO) (mg/L, PDO-520 DO
meter) and salinity (%o, refractometer). Furthermore,
nitrate (mg/L, UV-VIS spectrophotometer), phosphate
(mg/L, Genesys 10S UV-VIS spectrophotometer)
and biological parameters including chlorophyll-a
(mg/L, Genesys 10S UV-VIS spectrophotometer) were
measured ex-situ. All the water parameters were taken
once on each site during the study.

Data analysis

In this study, data were analysed using the non-
metric multidimensional scaling (nMDS) method
with the plot of the nMDS method referring to the
Bray Curtis matrix equation, used to detect species
composition (Borchhardt et al., 2017). This nMDS
analysis was carried out using PAST software version
403 for Windows Operating System.

The composition of microalgae found

Based on the analysis of microalgae found at
Siwil Beach and Sempu Island, it was found that the
species and composition on Siwil Beach were in more
significant number than those in Sempu Island, with
a percentage ratio of species of 67% on Siwil Beach
and only 33% in Sempu Island. The Bacillariophyceae,
Chlorophyceae and Cyanophyceae dominated the
microalgae found on Siwil Beach (Fig. 2a). In contrast,
only Bacillariophyceae was detected on Sempu Island
(Fig. 2b). This is due to the low nitrate and phosphate
content in these waters; thus, only tolerant microalgae
can live. Bacillariophyceae was the most commonly
found in various waters, with high adaptability to
various environmental conditions (Arsad et al., 2021;
Everest and Aslan, 2016). Moreover, diatoms can
be found in various places where water is available;
they can stick to all substrates such as gravels and
plants, and can live in various places in the aquatic
environment (Kwon et al.,, 2021). The genera found in
all sub-habitats at Siwil Beach and Sempu Island were
genera from the class of Bacillariophyceae, namely
Amphora, Cyclotella, Diploneis, Grammatophora,
Pleurosigma, Rhizosolenia, Synedra, Nitzschia and
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Fig. 2b: Several microalgae found in Sempu Island (magnification 4x10)

Navicula. However, of the genera found in all sub-
habitats, some genera dominated in all sub-habitats at
Siwil Beach and Sempu Island, namely Nitzschia and
Navicula. This is in line with what was stated by Mucko
et al. (2021) that the genera Nitzschia and Navicula
were found in various habitats; historically, they have
been camouflaged within a category of small pennate
diatoms with single-celled cells that can reach very
high relative abundance, accounting for 60% or even
90% of the total number of the class Bacillariophyceae.
The genera Nitzschia and Navicula can live in waters
with both high and low salinity; therefore, the genera
Nitzschia and Navicula are also found on Siwil Beach,
which has high salinity (Akcalan, 2020).

Microalgae abundance

The highest abundance of microalgae was found on
Siwil Beach in the sub-habitat of mangrove roots with
a value of 5,423,073 cells/cm?, whereas the lowest
was detected in the sub-habitat of water columns
with a value of 890,457 cells/L. Most of the microalgae
associated with mangroves could be found in the
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mangrove roots and the surrounding water columns.
The microalgae abundance in the mangrove area is
influenced by the mangrove canopy cover and the level
of turbidity of the waters (Essien et al., 2008). On the
other hand, the highest abundance found in Sempu
Island was in the macroalgae sub-habitat, with a value
of 1,986,252 cells/cm?, and the lowest was found in the
sub-habitat of water columns, with a value of 371,362
cells/L. Waters with a high density of macroalgae
will create many substrates for the attachment of
microalgae. The process of fouling in macroalgae takes
a long time; thus, the epiphytic microalgae will be
abundant in a stable macroalgae habitat. Macroalgae
can also affect the structure, type and community of
microalgae (Zadorozhna et al., 2017). The category of
abundance of phytoplankton in the waters is 0-2,000
cell/L (oligotrophic), 2,000-15,000 cell/L (mesotrophic)
and more than 15,000 cell/L (eutrophic) (Linus et al.,
2016). Therefore, it can be said that Siwil Beach and
Sempu Island are included in eutrophic waters with an
abundance value of > 15,000 cells/L. The abundance of
microalgae is presented in Fig. 3.



Relative abundance

In Siwil Beach, the highest relative abundance
was detected from the genus Nitzschia (35.8%),
Synechocystis  (36.1%), Navicula (35.2%) and
Gramatophora (23%) from the sub-habitat of
sediments, mangrove roots, macroalgae and water
columns, respectively. As stated by Garcia et al. (2012),
Nitzschia can tolerate a less favourable environment
and an environment with hyper eutrophication.
Meanwhile, Synechocystis is often found in mangrove
areas because it is an epiphytic microalga that favours
habitats with high nitrogen levels (Alvarenga et al,
2015). On the other hand, Navicula microalgae can
adapt to their habitat and have a wide distribution,
both vertically and horizontally in the waters (Buczko
et al., 2015). In contrast, Grammatophora sp. has
colonizing cells and is a planktonic and epiphytic
microalga with a cosmopolitan distribution, so it is
commonly found in the sub-habitat of water columns
(Klein, 2017). As for Sempu Island, the highest relative
abundance was observed from the genus Pinnularia
(53.85%) in the sub-habitats of sediments and
macroalgae, while Cyclotella (71.43%) and Navicula
(53.85%) were detected in mangrove roots and water
column sub-habitats, respectively. Pinnularia can live
in waters with low or high nutrients, usually found in
sediments or substrates containing moss, and cluster
in distribution. This is reinforced by the study from Silva
et al. (2016), who demonstrated that Pinnularia can
live in oligotrophic waters, has low salinity and has low
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pH. On the other hand, the distribution of Cyclotella
is influenced by the mixing in the waters, and these
microalgae can usually be found in shallow waters.
Cyclotella lives in both solitary and colonies, in fresh
and coastal waters (Houk et al., 2015). Meanwhile,
Navicula is a microalga of the Bacillariophyceae
class that can multiply rapidly, thus increasing its
abundance. According to Vijver et al. (2011), the
number of Navicula will be abundant and dominate as
benthic diatom microalgae, particularly in areas with
temperate and tropical climates.

Biological index

The calculation of the microalgae diversity index at
Siwil Beach and Sempu Island resulted in various values.
According to Farhadian et al. (2015), this diversity index
is correlated with aquatic environmental conditions, in
which when the diversity index is low, some species
may be dominant in these waters. Based on the
diversity index calculation results in both locations, it
appeared that Siwil Beach had moderate microalgae
community stability, and Sempu Island had moderate
community stability except in the sub-habitats of
sediments and mangrove roots. The diversity index,
which has a value of less than three and more than
one, could be interpreted to have a moderate level of
stability in the biota community. Additionally, it could
show that the quality of the waters is still relatively
good for the growth of aquatic biota (Winahyu et
al., 2013). The results of the uniformity index values
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Fig. 3: Microalgae abundance at Siwil Beach and Sempu Island. Mean + SE
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found at Siwil Beach and Sempu Island showed values
close to 1 and >0.5, indicating that the uniformity in
these waters was in a balanced state, and there was
no competition for food or living space (Fan et al.,
2021). In this study, Siwil Beach had a low dominance
index, meaning no dominant species in the waters. A
similar condition was also found in Sempu Island, with
a dominance index value of <1. Hence, there was no
dominance in the waters. According to Marsela et
al. (2021), the dominance index ranges from 0 to 1,
where a smaller value of the dominance index shows
that no species dominates, while a higher value of
the dominance index indicates the presence of a
dominating species.

Water quality parameters
The water quality measurements (Table 1) in all
sub-habitats revealed that the water quality at both

Siwil Beach and Sempu Island were classified in good
condition because it is still below the quality standard
based on the Indonesian Government Regulation
(Peraturan Pemerintah, 2021), and in these water
conditions, microalgae can grow. This is indicated by
the temperature that ranged from 20 to 30°C. Arsad
et al. (2019) demonstrated that water temperature
with more than 35°C could potentially kill microalgae.
Moreover, the pH in this study ranged from 7 to 9,
which is considered to be favourable (Nurhayati et al.,
2014). In addition, DO from the sampling sites were of
>5 mg/L, which is still a good condition (Patty et al.,
2015). The lowest salinity level was detected around
35 ppm, whereas the normal and the highest values
were 40 and 45 ppm, respectively (Altaee et al., 2018).
As for nitrate and phosphate, they ranged from 0.10 to
0.50 mg/L and from 0.002 to 0.050 mg/L, respectively
(Patty et al, 2015). In this study, the chlorophyll-a

Table 1: Water quality measurement results

Siwil Beach

Parameter (Sub-habitats of sediments and mangroves)

Site 1 Site 2 Site 3 Site 4 Peraturan Pemerintah, (2021)
Temperature (°C) 29.9 30.3 30.6 31.8 28-32
Transparency (cm) 23.35 32.85 25.55 32.05 >5m
pH 8 8.2 8.3 8.3 7-8.5
DO (mg/L) 8.5 8.8 7.5 7.5 >5
Nitrate (mg/L) 0.268 0.27 0.346 0.189 0.06
Phosphate (mg/L) 0.04 0.023 0.026 0.027 0.015
Salinity (%o) 35 40 40 41 34
Chlorophyll-a (mg/L) 2.035 2.921 2.889 5.317 -

Siwil Beach

Parameter (Sub-habitats of water columns and macroalgae)

Site 1 Site 2 Site 3 Site 4 Peraturan Pemerintah, (2021)
Temperature (°C) 30.2 29.6 31.6 30 28-32
Transparency (cm) 54.3 35.6 100 100 >5m
pH 8.2 8.2 8.4 8.4 7-8.5
DO (mg/L) 8 8.2 5.6 6 >5
Nitrate (mg/L) 0.288 0.323 0.238 0.174 0.06
Phosphate (mg/L) 0.038 0.019 0.04 0.02 0.015
Salinity (%o) 40 43 45 42 34
Chlorophyll-a (mg/L) 4.434 5.516 1.836 1.807 -

Sempu Island
(Sub-habitats of sediments, macroalgae, mangroves, and water

Parameter
columns)

Site 1 Site 2 Site 3 Site 4 Peraturan Pemerintah, (2021)
Temperature (°C) 29.2 29.2 32.5 32.6 28-32
Transparency (cm) 100 60 45 85 >5m
pH 8.2 8.1 8.1 8.2 7-8.5
DO (mg/L) 10.7 6.6 6.7 6.1 >5
Nitrate (mg/L) 0.203 0.325 0.214 0.203 0.06
Phosphate (mg/L) 0.036 0.037 0.032 0.024 0.015
Salinity (%o) 45 40 40 40 34
Chlorophyll-a (mg/L) 1.807 1.807 1.574 2.431 -
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also correlated with the abundance of microalgae. A
study conducted by Ratomski and Paw (2021) showed
that there was a correlation between microalgae and
chlorophyll-a, as this parameter could be determined
by the biomass of microalgae in the water column.
This result is also supported by Diana et al. (2021),
suggesting that the availability of nutrients in the
water column is positively related to the abundance of
phytoplankton, which eventually will affect the level of
chlorophyll-a in these waters.

The similarity of microalgae in different locations and
sub-habitats

The nMDS method was used to analyse the
proximity of the number of microalgae found in each
sub-habitat in two locations, namely Sempu Island
and Siwil Beach, which were grouped by class, namely
Bacillariophyceae, Chlorophyceae and Cyanophyceae,
and the results of measurements of environmental
parameters, namely temperature, transparency, pH,
DO, nitrate, phosphate, salinity and chlorophyll-a.
The result of the nMDS analysis is presented in Fig. 4.
From Fig. 4, the nMDS plot shows similarities between
associated microalgal on Siwil Beach for sediment,
mangrove, macroalgae and water column sub-habitat
(SWLSD, SWLMG, SWL MK and SWL WC, respectively).
Associated microalgal in Sempu Island for sediment,
mangrove, macroalgae and water column sub-habitat
was indicated by SMP SD, SMP MG, SMP MK and SMP
WC, respectively. It appeared that the points in each
sub-habitat at Siwil Beach and Sempu Island were
far from each other and did not show the closeness

between the points of Siwil Beach and Sempu Island.
This result indicates that there was no similarity in the
composition of microalgae found between Siwil Beach
and Sempu Island, with a high variation of microalgae
in both locations. This is presumably due to different
characteristics and environmental conditions between
Siwil Beach and Sempu Island, which can be proven
by the measurements of water quality both sites; for
example, Siwil Beach had a higher chlorophyll-a level
than Sempu Island, resulting in the high abundance
of microalgae. Additionally, vegetation density
and current conditions at Siwil Beach were also
higher than those in Sempu Island, so they have the
potential to carry more nutrients to help microalgae
growth. As demonstrated by Kramer (2015), nutrient
concentrations in the waters will control the growth
of microalgae. In contrast, low nitrate content may
cause death to the microalgae. Moreover, according
to Safi (2003), currents and waves could also affect
the composition of microalgae that are more
varied. The non-parametric analyses produced on
the environmental parameters in nMDS revealed a
positive close correlation between the DO, nitrate
and phosphate parameters, where graphically, these
three parameters produced an angle between vector
lines that were close to each other. This result can be
interpreted such that if DO value is high, then the value
of nitrate and phosphate in the waters is also high.
This is further supported by Yolanda et al. (2016), who
demonstrated that there was a positive relationship
between DO and nitrate, where the oxygen content
could help the decomposition process of organic
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Fig. 5: CCA plot showing the relationship between the microalgal composition and environmental parameters

matter in the waters. The similar condition occurred
for salinity, temperature, pH, chlorophyll-a, and
transparency, where these environmental parameters
formed an angle between vector lines that were close
together. This means that if the salinity value is high,
the pH, temperature and transparency values are also
high.

Relationship of environmental parameters with
microalgae distribution

In this study, the canonical correspondence
analysis (CCA) was performed to determine the
relationship between environmental parameters
and the distribution of microalgae abundance (Fig.
5). The CCA analysis showed that the growth of
Chlorophyceae and Cyanophyceae were positively
correlated with the parameters of nitrate, pH, salinity
and chlorophyll-a. This result is indicated by the
projections of Chlorophyceae and Cyanophyceae,
which were closer to the thick line on the nitrate
parameter, pH, salinity and chlorophyll-a. Therefore,
it can be assumed that the appearance of classes
Chlorophyceae and Cyanophyceae is associated
with high concentrations of nitrate, pH and salinity,
and chlorophyll-a. This result is in accordance with
Gardner et al. (2011), who demonstrated that an
increase in nitrate will trigger an increase in pH as
well as an increase in the photosynthesis process
in Chlorophyceae and Cyanophyceae; hence, high
abundance of Chlorophyceae and Cyanophyceae
may increase chlorophyll-a (Kadim et al., 2019).
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Additionally, Sari et al. (2019) also confirmed that
nitrate plays an important role for the growth of
plankton, especially in the class Cyanophyceae. The
class Bacillariophyceae, on the other hand, is different
from the classes Chlorophyceae and Cyanophyceae in
terms of projection, where the class Bacillariophyceae
was in the middle of the line. This indicates that the
appearance of the class Bacillariophyceae is associated
with all environmental parameters with moderate
concentrations. The class Bacillariophyceae had a
high abundance at Siwil Beach and Sempu Island,
and this correlated with the measurement results of
environmental parameters at Siwil Beach and Sempu
Island, which were still classified as good waters for
microalgae growth.

The present study demonstrated that the class
Bacillariophyceae dominated the microalgae found
in Siwil Beach and Sempu Island. At Siwil Beach,
Cyanophyceae were found in sub-habitats of mangrove
roots, macroalgae and the water column. Furthermore,
microalgae from the class of Bacillariophyceae and
Chlorophyceae were found in all sub-habitats; however,
the numbers of Bacillariophyceae were greater than
Chlorophyceae. Moreover, the microalgae found on
Sempu Island in all sub-habitats were only from the
Bacillariophyceae class, with the highest genus found in
the sediment sub-habitat and the lowest genus found
in the mangrove sub-habitat. Microalgae composition
could be useful to determine ecosystem stability and



water quality in these waters. In addition, by knowing
the distribution of microalgae in an area, it can be
used as a source of germplasm. Based on the results
of the nMDS analysis, there is no similarity in the
composition of microalgae species on Siwil Beach and
Sempu Island: both had a high variation of microalgae.
Different uses also cause differences in the distribution
of microalgae. Siwil Beach is used as a shrimp pond
and Sempu Island is used for tourism and fishing
activities such as painting boats and cleaning fishing
nets. Factors that mainly affected the abundance of
microalgae were the environmental factors in each
sub-habitat at both locations. Siwil Beach and Sempu
Island water quality was relatively still under the
Indonesian national quality standard for seawater.
Nevertheless, microalgae found on both sites were
dominated from the class of Bacillariophyceae; thus,
the water quality at Siwil Beach and Sempu Island has
the potential to be poor. This research is thought to be
the first step in exploring the diversity of microalgae
in several sub-habitats in East Java, Indonesia, and
linking the type and availability of microalgae found in
various sub-habitats with environmental water quality
parameters and human activities around the waters. In
addition, this study provides the database information
about the diversity of microalgae in Siwil Beach
and Sempu Island in several sub-habitats including
sediment, macroalgae, mangrove roots and water
column in the southern part of East Java Indonesia.
Next, phylogeny analysis needs to be carried out using
molecular biology for microalgae found in several sub-
habitats in Indonesia.
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Phosphorus is an essential and limiting nutrient for all
living organisms. Although phosphorus is a finite resource on earth, it is usually wasted today.
Precipitation of struvite from waste residues is mainly carried out to recover phosphorus. This
study aimed to investigate the percentage of phosphorous recovery from sewage sludge in
the presence of grape-biochar via the formation of biochar/struvite precipitates.

Different amounts of grape-biochar were applied to recover nutrients
(phosphorus, nitrogen, and magnesium) from sewage sludge via the formation of struvite
by digestion of sewage sludge with H,SO, and the molar ratio of magnesium/ ammonium/
phosphorus in 2:1:1 at pH=8.5. Solubility and release properties of the precipitates were
determined and the equations, such as first-order, parabolic diffusion, power function, and
simple Elovich models, were fitted to the kinetic data.

The phosphorus recovery from sewage sludge increased by application of grape
biochar in the precipitation system, and the accumulation release of nutrients (phosphorus,
nitrogen, and magnesium) from samples increased in the presence of grape biochar,
especially in high amounts. Increasing the remove and recovery of phosphorus from sewage
sludge by application of grape-biochar decreased the incidence of eutrophication, as an
environmental dilemma, and provided the requirement for phosphorus-fertilizers by solid
waste management. The solubility of the samples was 0.5 mole per liter hydrochloric acid >
in 20 gram per liter citric acid > water. The results showed that the phosphorus- cumulative
- release of composites in water good fitted the parabolic kinetic model (R?=0.97-0.99),
whereas it followed the simple Elovich model (R?=0.86-0.92) in 0.5 mole per liter hydrochloric
acid and first-order kinetics model (R?=0.76-0.92) in 20 gram per liter critic acid.

The results indicated that the presence of grape-biochar for recovery of
phosphorus from sludge as struvite had a good potential for increasing the release of
nutrients for the formation of struvite, and these precipitates had a high potential to be used
as a slow-release phosphorus-fertilizer.
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Phosphorus (P) is a key element for life on the
earth, facing various limitations for crop production.
Being a nonrenewable P source and having
different interactions with soil components have
attracted the globe’s attention to the management
of unsustainable P fertilizer (Tosun, 2021). The
world’s mining of nonrenewable phosphate rock
for production of P-fertilizers, such as ammonium
phosphates and superphosphates, is running out
(Li et al., 2018). Therefore, dependency on minable
P-sources should be developed procedures for
recovering any P-rich resources, especially from
residues and secondary raw P (Yetilmezsoy et al.,
2017). The European Union (EU) confirmed this
by putting phosphate rock on its list of critical raw
materials in 2014 (Muys et al., 2021). Sewage sludge
(SS) from municipal solid waste is determined by
high value of P,0, (about 4-26%), and nearly 80-
90% of P-sewage accumulated in SS (Semerci et
al., 2020) is determined as a potential p-resource
(Adam et al., 2009). Accordingly, recovery of the
nutrients, especially P and N, from SS has been
a noteworthy option and recently received great
attention. Chemical precipitation is considered as
an important process for recovering the elements
(P, Mg, and N) as struvite (magnesium ammonium
phosphate hexahydrate), MgNH,PO,.6H,O for
reuse of essential ions in SS (Koga 2019; Kim
et al., 2018). This procedure not only recovers
phosphorus, decreasing the emphasis on restricted
non-production phosphate rock sources, but also
decreases the P content that would, in other ways,
be poured into aquatic environments (Rahman et al.,
2014). P-rich wastewater provides eutrophication
and harmful algal blooms which threaten the
aquatic ecosystems (Siciliano et al., 2016; De
et al., 2016). Struvite is a P-mineral that can be
applied as a slow-releasing agricultural fertilizer by
providing Mg, P, and N for plant growth (Muys et al.,
2021). There are possible benefits in low solubility
of struvite in water compared to more soluble
conventional P-fertilizers. However, struvite is a
root-activated mineral because it has good solubility
in acid citric that exudates from roots (Hertzberger
et al., 2020). Slow-release properties of struvite
could reduce losses of nutrients by precipitation
and leaching, leading to enhanced crop response
to the application of fertilizer (Hertzberger et al.,
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2020). The nutrient release from fertilizers has
been specified as a worldwide challenge for the
agricultural part in plant nutrition management. The
formation of struvite creates in the alkaline range of
pH (7<pH<11) and includes 13% P, 6% N, and 10%
Mg (Egle et al., 2016). The recovery of P content,
as struvite, can be influenced by various operating
parameters, including pH, the molar ratio of Mg*:
NH,™ PO43', time, reaction temperature, organic
matter, the presence of otherions, the ratio of liquid/
solid (L/S), etc. (Doyle and Parsons, 2002). Previous
researches on P recovery from P-rich effluent/
wastewater and SS have been presented in Table
1. Biochar is determined as an efficient substance
for the recovery of surplus nutrients, containing
P, from aqueous solutions (Dugdug et al., 2018).
Biochar is a type of organic material created by the
pyrolysis of agricultural wastes and other biomass
at 300-1500 °C in oxygen-free conditions, and it has
been reported for usage as a P sorbent (Lehmann
and Joseph, 2015). Sorption of P by biochar from
aqueous solutions accrues through precipitation
of P with Mg (Shepherd et al., 2016). Increasing
sorption of P by application of biochar can be due
to its high surface area and AEC (anion exchange
capacity) (Lehmann et al., 2015). Many materials
were recommended for increasing the recycling
efficiency for the formation of struvite, including
quartz, steel mesh, pumice, and borosilicate
glass (Le Corre et al., 2007). Consumption of
the biochar with high surface area, CEC (cation
exchange capacity) and porosity is eco-friendly in
the crystallization of struvite to ameliorate nutrient
recovery for application of fertilizer and can be used
as a good strategy (Muhmood et al., 2019). Hu et al.,
(2019) reported the recovery rates of P, Mg, and N
increased for precipitation of struvite by application
of the biochar obtained from straw and wheat shells.
Muhmood et al., (2019) showed that wheat straw
biochar and rice husk biochar as seeding materials
in the precipitation of the struvite from digested
chicken slurry increased the formation of struvite
and intensified element recovery. Enhancing the
recovery of nutrients is necessary to examine
many eco-friendly materials, such as biochar of
grape residues (Gr) from pruning manufactured in
high amounts in vineyards, in struvite precipitation
process. To the best of the authors’ knowledge, the
use of Gr-biochar, as seeding material, in the struvite
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Table 1: Summary of the recent studies about P-recovery

Relevant aspects

References

The current study was designed to use a different light spectrum to enhance carbon-based metal
nanocomposites adsorbent for the augmented removal of nitrate and phosphate from aqueous solution.
The revealed nanocomposites increased the removal of nitrate and phosphate ions up to 95%.

Acceptable phosphorus recovery (80-90%) was achievable by using seawater as the magnesium source
for struvite precipitation. The increase of temperature from 20 °C to 30 °C reduced the phosphorus
recovery.

This manuscript provides a comprehensive review on the recent developments related to the removal
and recovery of nutrients (nitrogen and phosphorus) from aqueous waste and wastewater.

This paper reviews the recent studies on the potential of aquatic plants, such as free-floating, submerged,
and emergent plants, and microalgae for the removal of P in different types of wastewater.

The P extraction from P-rich sludge with oxalic acid proved to be effective for P- extraction and iron
removal prior to struvite precipitation. Due to the high iron concentration in liquor, the product of direct
precipitation contains a high amount of iron that limits its use as phosphate fertilizer.

Velu et al., (2020)

Shaddel et al., (2020)

Siciliano et al., (2020)

Rezania et al., (2021)

Numviyimana et al.,
(2022)

Iran

Fig. 1: Geographic location of the study area in Urmia, West Azerbaijan province, Iran
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precipitation process has not been investigated
yet. The objectives of this study were to: 1) reuse
P as struvite and composites of struvite/biochar
from sewage sludge; 2) investigate the efficacy of
different values of Gr-biochar on the recovery of
nutrients (P, N, and Mg); and 3) study the ability of
P, Mg, and N ions to be dissolved and examine their
slow-release-properties in composites of struvite/
biochar. This study aimed to contribute to the
environmentally friendly process of P-recovery via
struvite precipitation by solid waste management.
This study was carried out at the Soil Department
of Urmia University, Urmia, Iran, during 2021-2022.

Preparation of sewage sludge (SS) and biochar of
grape residues (Gr-biochar)

Dewatered sewage sludge (SS) was sampled from
a domestic wastewater treatment plant in Urmia
(37° 35’ 37.1” N 45° 07’ 43.7” E), West Azerbaijan
Province, Iran (Fig. 1).

The SS was air-dried and sieved to pass a 1 mm.
Some physicochemical properties of SS, such as total
organic carbon (TOC), electrical conductivity (EC),
pH, total nitrogen (TN), ammonia nitrogen (NH,*-N),
total phosphorus (TP), orthophosphate (PO,*
-P) and potassium content (K), were determined
according to Semerci et al., (2019). Total recoverable
concentrations of metals (Ca, Mg, Na, Fe, Zn, Cu,
Pb, and Cd) were also determined (Malwina, 2019).
The grape pruning residues applied to prepare
biochar were collected from vineyards in the West
Azerbaijan Province, Iran. The grape cane was cut
into small pieces and put into an oxygen-free cast
iron bioreactor. The Gr-biochar was gathered by
pyrolysis at 500 degrees Celsius (°C) at 10 degrees
Celsius per minute (°C/min) heating rate for 2 hours
(h). The prepared Gr-biochar was then ground and
sieved (through a 0.5 mm sieve) for application as
seeding materials for the production of struvite. The
Gr-biochar was analyzed for some physicochemical
properties.

P-extraction experiment

To extract P from SS, two steps were carried out:
1) digestion of H,SO, 0.2 N (98% Merck, Germany)
into a solid to liquid ratio of 1:10; 2) precipitation.
Prior to P-precipitation, citric acid (C,H,0,) (50%

w/v) (Sigma-Aldrich) was added, as a chelating
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agent, for the removal of heavy metals. Using
sodium hydroxide (NaOH) 5N (>98% Sigma-Aldrich),
the potential of hydrogen (pH) of the solution raised
to 8.5 after adding MgCl,.6H,O (Sigma-Aldrich) as
Mg source (Meyer et al., 2015). The precipitation
was conducted at 2:1:1 molar ratios of Mg** /PO,*/
NH* respectively, at room temperature and stirring
speed of 150 rpm for 30 min, and finally stayed for
30 min for reacting. Then, the solution rested for
30 min to influence the precipitation of struvite
(Huang et al., 2015). Samples were filtered through
Whatman No. 42 and allowed oven-dried at 40 °C
for 48 h, weighed, and applied for analyzing the
nutrient and metal contents. To obtain struvite/
biochar precipitations, the Gr-biochar was used in
0, 2.33, 7, and 21 g of Gr-biochar (the ratios of the
struvite mass to GR-biochar of 0%:100%, 75%:25%,
50%:50%, and 25%:75%). After shaking the solution
for 30 min and leaving to rest for 24 h at room
temperature (Hu et al., 2019), it was washed up to
pH of 7. The P-recovery was evaluated using Eq. 1.

P"_PFJXIOO
P

Where, P, is the initial concentration of P mg/L;
and P_is the final concentration of P mg/L.

The composites of struvite/biochar were analyzed
by XRF for the determination of chemical composition.
Content of the metals was determined by inductively
coupled plasma optical emission spectroscopy
(Varian, Vista-Pro-ICP-OES). Surface morphology of
precipitates was recognized by Scanning Electron
Microscopy (SEM- XL 30-Philips).

P-recovery% = { (1)

Solubility struvite/ GR-biochar composites

The HG 2598-94 protocol was applied to
determine the solubility of the precipitates (Hu et
al., 2019). One gram of the precipitates, 150 mL of
HCI 0.50 mole per liter (mol/L) (98% Sigma-Aldrich)
and 20 gram per liter (g/L) of citric acid (CA) were
applied, respectively. Then, the solution was shaken
ina 250-mL volumetric flask (80 min at 180 rpm), and
the P contents in the samples were evaluated by an
ultraviolet light (UV) spectrophotometer (Shimadzu
UV3100) by monitoring the absorbance changes at
470 nanometers (nm). The Mg content was assessed
by the titrimetric method using Ethylene diamine
tetra acetic acid (EDTA) (99%- Sigma-Aldrich). To
determine the N-concentration, the titrimetric



method was applied after distillation.

Kinetics and slow-release properties

Release properties of the samples were evaluated
according to the GB 23348 2009 protocol (Hu et al.
2018). One gram of each precipitate was added to
20 mL of deionized water in a 50-mL volumetric flask
and placed in an incubator at 25 °C. To determine the
amounts of N, P, and Mg in the solutions, they were
filtered in intervals of 24 h after 3, 5, 10, 14, 28, 42,
56, and 84 days. The cumulative release values (%)
of N, P and Mg were determined according to Eq. 2.

C xV
—X

Accumulative release (%) = 100 (2)

total

Where, c, is the concentration of N, Mg and P (mg/
kg) at different times; and M, is the total nutrient
amount in the sample. To evaluate the release
mechanism of the elements, four kinetic equations,
including the first order (Eq. 3), power function (Eq.
4), parabolic diffusion (Eq. 5), and simple Elovich
models (Eq. 6), were applied to fit the results (Jalali

2006).

First-order model: In(g, —¢q,) =a—-bt (3)
Power function model: Ing = na+bint (4)
Parabolic diffusion model: ¢ = a+bt"* (5)
Elovich model: g =a+int (6)

Where, g is the cumulative release of the
elements; t is the time of release; and a and b are
the constants of the equations. b is an essential
parameter in these models, which shows the release
rate of the ions. The coefficients of determination (R?)

were applied to determine the best model describing
the release mechanism process.

Properties of SS and Gr-biochar

Some characteristics of the SS are presented
in Tables 2 and 3. The total phosphorus and total
nitrogen in SS were more than 1.5%. The main
chemical composites of SS were SiO,, CaO, P,O,,
Fe,O,, and ALO, (Table 3). The P,0, content in the
SS sample had a potential of P-source and providing
source conservation (Shiba and Ntuli, 2016; Adam et
al., 2009). The pH and EC of SS were 6.6 and 1.79,
respectively.

The amount of heavy metals (Pb, Cd, Zn, Cr,
Cu and Ni) in SS was lower than the standard
concentration limit in sludge as using fertilizer
(Xu et al., 2012). The total ratio of aluminum and
iron to phosphorus is a valuable index for the
P-supplying power of a SS (Shiba and Ntuli, 2016).
The molar ratio of the sum of the aluminum and
iron to phosphorus is an okay indicator for the
P-reserving power of a SS, with amounts < 1 being
characteristic of a SS able to supply high amounts
of soluble P (Pastene, 1981). The molar ratio of Al
+ Fe/P for the SS applied in this study was obtained
to be more than the ratio reported based on ICP
results (Table 2), indicating a meager potential for
P-supply. This factor determined the limitation for
direct application of the SS as a fertilizer.

The physicochemical properties of GR-biochar
and other biochars are presented in Table 4. Surface
area of the Gr-biochar was 277 m?/g, and its pH was
9.6, suggesting an alkaline characteristic. Evidently,
the pH of the Gr-biochar was different from the pH of
the wheat shell and other biochars (Hu et al., 2019;
Lu et al. 2016; Park et al., 2011).

Table 2: Chemical properties of sewage sludge

pH EC (1) TOC (%) TP NHa*-N TN Mg Na K Moisture
dS/m mg/kg %
6.6 1.79 48 15927 18605 6513 2967 11207 14.03
Total concentration of metals
(mg/kg)
Pb cd Fe Zn Cr As Cu Ni Ag
57 0.32 13230 731 21063 18 1.9 179 30 2.3
Heavy metal concentration limit (EPA 503)
750-1200 20-40 - 2500-4000 25 - 1000-1750  300-400

EC: electrical conductivity; PO,3~P: orthophosphate; TP: total phosphorus; TN: total nitrogen; TOC: total organic carbon
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Table 3: Chemical composition of sewage sludge

Constituent Sample Adam et al. (2009) Ntuli et al. (2013) Shiba and Ntuli (2016)
P20s 4.00 3-25 14.6 15.2
SiO2 14.48 13-43 38.4 36.40
Ca0 11.33 12-18 11.0 11.3
Fe,03 1.89 3.2-22 10.3 12.2
SO3 1.57 - 5.5 5.31
Al,03 3.93 8-24 11.9 12.0
MgO 1.08 1.7-3.5 1.7 1.04
K20 1.35 0.95-2.7 1.7 1.79
MnO <0.05 0.09-0.35 0.6 0.613
TiO2 0.32 - 1.1 1.16
Table 4: Some properties of Gr-biochar
. EC CEC Surface aria Ash
Biochar pH (dS/m) C N H (cmold/ke) (m?/g) (%) References
Grape 9.6 0.2 71 0.87 2.9 34 277 11 This study
wheat shell 7.3 - - - - 77.8 168.3 - Hu et al., 2019
Rice straw 10.1 - 51 1.66 1.70 43 37 - Lu etal., 2016
Green waste 7.7 - 77 0.26 2.6 250 6.87 Park et al., 2011
EC: electrical conductivity; CEC: cation exchange capacity.
Table 5: Chemical analysis of composites (struvite:Gr-biochar)
St.ruwte (%): $i0, ALOs BaO P,0s Fe203 MgO Na:0 SOs K20 Ca0 TiO2
Biochar (%)
(%)
100:0 0.53 1.05 <0.05 28.19 2.77 16.51 1.45 1.38 1.59 14.77 <0.05
75:25 1.36 0.86 <0.05 25.40 0.30 11.53 0.85 2.36 0.22 14.27 <0.05
50:50 0.72 0.75 <0.05 22.63 0.16 10.23 1.06 0.78 0.34 9.32 <0.05
25:75 0.43 0.65 <0.05 13.44 0.43 7.17 1.37 1.30 0.65 4.22 <0.05
Table 6: Properties of composites (struvite: biochar)
Parameter %struvite:%biochar (lE/lqu/irz»lllzz;le,t I2|Om2|t1)
% 100:0 75:25 50:50 25:75
P 12.67 10.36 9.38 6.27 -
N 8.40 7.46 5.60 4.60 -
Mg 9.88 7.87 6.14 4.89 -
K 1.20 0.26 0.40 0.78 -
Sl 4.74 6.25 9.63 11.24 -
pH(1:10) 7.48 8.23 8.32 8.43 -
EC(1:10) (dS/m) 3.15 4.15 6.39 7.46 -
cd (mg/kg) 2.80 1.80 1.90 2.40 60
Pb (mg/kg) 7 6 16 19 120
Cu (mg/kg) 16 37 43 51 600
Zn (mg/kg) 900 1011 1132 1321 1500
AS (mg/kg) 29.30 32.10 33.90 37.14 40
Mo (mg/kg) 0.55 0.57 0.87 1.19 -
Ni (mg/kg) 13 13 14 15

SI: salt index, EC= electrical conductivity
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Table 7: Solubility of samples in water, citric acid, and HCI

Struvite (%): . Dissolution Dissolution rate Dissolution
Biochar (%) Solution P (g/L) rate (%) N (g/) (%) Me (/L) rate (%)
water 1.35 1.06 0.046 5.50 0.0096 1.45
100:0 20 g/L citric acid 77.88 61.43 0.17 20.41 0.4464 67.71
0.5 mol/L HCI 104.05 82.08 0.23 27.32 0.648 98.30
water 1.16 1.12 0.047 6.31 0.0096 1.82
75:25 20 g/L citric acid 73.51 70.89 0.18 33.34 0.3793 72.20
0.5 mol/L HCI 90.95 87.71 0.25 33.24 0.520 99.69
water 1.09 1.16 0.048 8.56 0.0096 2.34
50:50 20 g/L citric acid 78.24 83.41 0.19 33.62 0.2976 72.20
0.5 mol/L HCI 85.16 90.79 0.26 45.78 0.40 99.60
water 0.83 1.33 0.50 10.78 0.0096 2.94
25:75 20 g/L citric acid 54.94 87.55 0.19 45.32 0.2544 77.90
0.5 mol/L HCI 57.12 91.03 0.28 59.90 0.32 100

50% Struvite: 50% Biochar 25% Struvite: 75% Biochar

Fig. 2: Scanning Electron Microscopy of samples
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Fig. 3: Cumulative releases of P, N, and Mg from differente %Struvite:%Bbiochar (100:0 (St),

75:25 (G25), 50:50 (G50), 25:75 (G75))

P- Precipitates

The XRF results of the samples are presented in
Table 5. Amount of P,0, for %struvite: %Gr-biochar of
100:25, 75:25, 50:50 and 25:75 were 28, 25, 22, and
13%, respectively. This could be due to the presence
of other particles such as Fe, Al and biochars (Rahman
et al., 2014; Shiba and Freeman, 2016). The amount
of MgO in the samples decreased by increasing

in water, 20 g/L citric acid and 0.5 mol/L HCI.

the amount of Gr-biochar. Shiba and Ntuli (2016)
reported that the amount of P,O, in the struvite
from sewage sludge in different conditions was
from 14.0 to 32.50%. Also, Hu et al., (2019) showed
that the amount of PO, in the samples was in the
range of 22 and 30%. P-amount generally ranges as
11-26% in struvite by deferent precipitation methods
(Johnston and Richards, 2003; Khan et al., 2019).

582



Table 8: Parameters of kinetic models for P release from the samples in water, HCL and citric acid

Equation Water 0.5 mol/L HCL 20 g/L citric acid
First-order R? a b R? a b R? a b
St 0.95 1.66 0.031 0.82 2.62 0.06 0.92 1.84 0.05
G25 0.95 1.79 0.029 0.83 2.24 0.10 0.92 1.87 0.08
G50 0.96 1.99 0.029 0.84 2.30 0.07 0.92 2.063 0.06
G75 0.94 2.19 0.030 0.84 1.69 0.06 0.76 2.18 0.0
Water 0.5 mol/L HCL 20 g/L citric acid
Power function R? a b R? a b R? a b
St 0.94 0.94 0.63 0.89 4.33 0.05 0.87 11.46 0.02
G25 0.97 6.23 0.58 0.86 11.35 0.04 0.81 11.30 0.03
G50 0.97 6.18 0.62 0.89 11.27 0.04 0.85 11.23 0.04
G75 0.92 6.21 0.56 0.91 10.95 0.02 0.88 10.84 0.04
Water 0.5 mol/L HCL 20 g/L citric acid
Parabolic R? a b R? a b R? a b
St 0.98 -0.122 0.63 0.74 78.35 2.49 0.70 76.35 1.01
G25 0.98 -0.22 0.71 0.72 83.67 1.78 0.58 79.70 1.21
G50 0.99 -0.41 0.86 0.72 85.22 1.86 0.63 82.03 1.42
G75 0.97 -0.21 1.040 0.71 91.61 1.03 0.67 83.08 1.46
Water 0.5 mol/L HCL 20 g/L citric acid
Elovich R? a b R? a b R? a b
St 0.92 -0.20 1.14 0.89 76.41 3.12 0.88 75.40 2.14
G25 0.89 -0.26 1.27 0.86 82.29 3.65 0.82 78.17 2.70
G50 0.88 -0.44 1.53 0.89 83.60 3.89 0.87 80.39 3.11
G75 0.86 -0.23 1.85 0.92 90.60 4.19 0.88 81.55 3.15

The NPK fertilizers must have 5 to 12% of PO, and
the PK fertilizers must have 18 to 20% P,O, (Adam,
2009). Precipitates in this study were appropriate for
creating P fertilizers from secondary raw materials
and could be applied to preserve rock phosphates and
contribute to source protection. However, %struvite:
%biochar samples contained both valuable elements
(P, Mg, N and K) and carriers of heavy metals (Table
6).

Generally, struvite (MgNH,PO,.6H,0) has 6%
N, 13% P, and 10% Mg (Rahman et al., 2013). The
concentration of heavy metals in struvite/biochar
samples was lower than the permissible limit (Table
6). As already described, the content of metals
increased by increasing the amount of Gr-biochar in
the samples probably due to either sorption or co-
precipitation (Muhmood et al., 2019; Ma and Rouff,
2012; Uysal et al., 2014). In addition, biochar has
been used to immobilize heavy metals (Lu et al.,
2017; Wu et al., 2017; O’Connor et al., 2018) and
increase nutrient availability (Li et al., 2019). The SEM
of precipitates exhibited that the particles had a rod-
like shape (Fig. 2) and this was consistent with the
results detected by Rahman et al., (2014), Shiba and
Freeman (2016), and Hu et al., (2019). P-recovery at
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pH=8.5 and in %struvite: %biochar ratios of 100:25,
75:25, 50:50 and 25:75 were 92, 92, 93 and 96%,
respectively. Similarly, Kobar et al., (2020) reported
that recovery of P and N from biogas slurry increased
by 71 and 94%, respectively, with the incorporation of
rice-biochar and struvite. Zheng et al., (2018) found
that N and P recoveries from urine intensified by
nearly 40-50% and 97% by combining biochar and
struvite at pH=9, respectively. High surface area and
high CEC of biochar may be valuable for adsorbing
N and P from wastewater and reducing their losses
(Kobar et al., 2020).

Solubility and kinetic properties of samples

The solubility of the samples in deferent amounts
of the Gr-biochar was calculated by the procedure
determined previously. The solubility results of the
samples in water, CA, and HCl are shown in Table
7. The solubility was higher in HCl and CA than in
water. The amount of P, Mg and N in the samples
were in an order of 100% struvite > 75% struvite:
25% Gr-biochar > 50% struvite: 50% Gr-biochar > 25%
struvite=75% Gr-biochar (Table 7). Thus, the extracted
concentrations of P, Mg and N were the same, but
their dissolution rate increased by increasing the Gr-



biochar, indicating that the Gr-biochar could intensify
the release properties of P-precipitates. Dong et al.,
(2020) reported that the biochar-based slow-release
fertilizer, which included natural materials, not only
reduced N-leaching, but also supplied a high amount
of N to the rice plant in later stages of the production
cycle.

The accumulative P, Mg and N releases from
precipitates began with a rapid reaction and
followed by a slow reaction (Fig. 3). The accumulative
release nutrients from samples were as follows: 25%
struvite=75% Gr-biochar (G75) > 50% struvite: 50%
Gr-biochar (G50) > 75% struvite: 25% Gr-biochar
(G25) > 100% struvite (St) (Fig. 3). The initial fast
release of ions was a characteristic of their high
lability, whereas the slow fraction could be related
to their low mobility (Hosseinpur, 2011). The initial
rapid reaction was related to the rapid release of
poorly crystalline phosphates in the precipitates,
especially with a high amount of Gr-biochar, which
were metastable ions and rapidly released. Gr-
biochar, with a high surface area, had a high efficacy
on the adsorption of ions during precipitation of
samples. The P-accumulative releases in water from
St, G25, G50, and G75 were 5.57, 6.30, 7.52, and
9.44%, respectively, and P-releases of them in 20 g/L
CA were 84, 88, 92, and 94% respectively, and in 0.5
mol/L HCl were 87, 90, 96, and 99%, respectively,
after 84 days. The Mg and N-accumulative releases
from the mentioned samples followed the same
trend. The accumulative release of nutrients was
higher in 0.5 mol/L HCI (pH=0.3) than in water and
CA (20 g/L) (pH~3). Since, struvite is a root-activated
fertilizer, increasing the release of phosphorus
from its compounds in the presence of Gr-biochar,
especially in CA solution, can be effective in the early
stages of plant growth to provide P, which requires
greenhouse studies.

The P-release results from samples in water,
CA (20 g/L), and HCI (0.5 mol/L) solutions were
fitted to the first-order, power function, parabolic
diffusion, and simple Elovich models presented in
Table 8. The parabolic model with a high R? (R?=
0.97-0.98) represents the P-cumulative release from
samples in water (Table 8). The parabolic kinetic
model indicated that the release of P from these
precipitates in water was controlled by the diffusion
process (Hosseinpur, 2011). Also, the P-releases in
the samples well fitted to the Elovich model in HCI
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solution and the first-order model in CA solution
well described them. This was consistent with
results reported by other researchers (Hu et al,,
2019; Jalali, 2006). The b parameter showed the
slope and it could be applied as an index for the
release of P from the samples. Based on the Elovich
equation, the release rates of P from the samples
were as follows: HCI> CA> water. The parameters of
this model increased by increasing the amount of
the Gr-biochar (G75> G50> G25> St), implying that
high amount of Gr-biochar could intensify P-release
from precipitates. Wang et al., (2010) reported that
the Elovich equation could explain a lot of reaction
mechanisms including not only the diffusion of
P-released at the surface or interface, but also the
activation energy and deactivation of the surface.
Kong et al., (2020) reported that the first-order, and
the Elovich models could well fit the kinetic data in
P-release from a fish feed.

In this study, the values of heavy metals in
sewage sludge were lower than the standard limits
in sludge using fertilizer, while the molar ratio of
Al + Fe/P of SS was more than the standard limits
indicating its low potential to be directly used as
P-fertilizer. Increasing Gr-biochar for the removal of
P from SS increased the P-recovery. Moreover, the
value of heavy metals in precipitates increased in
the presence of Gr-biochar, but their values were
lower than the permissible limit. The nutrient’s
accumulative releases from the samples were as
follows: G75 > G50> G25 > St. The accumulative
release of P, Mg and N from the samples began with
a rapid reaction and followed by a slow reaction.
The highest solubility of the samples was observed
in HCl and then in CA, and water. The parabolic
model good described the P-cumulative release
from composites in water. It followed the Elovich
model in 0.5 mol/L HCl solutions and the first-order
equation in 20 g/L CA. The amount of P,0, in the
precipitates was higher than 12%, indicating that
these precipitates could be applied as P-fertilizer.
This study showed the efficiency of P-recovery from
SS in the presence of the Gr-biochar by struvite
precipitation and then provided a sustainable
matter for agriculture. The precipitation method
applied in this study could help in solving the
difficulties of disposing SS. Before planning for



P-recovery by biochar/struvite composites, further
different options of P- recovery should be analyzed
for their cost and environmental efficiency. The
accumulation of heavy metals in Gr-biochar/struvite
precipitates from SS should be further explored
in greater detail in future research for P-recovery
from wastewater with a high amount of heavy
metal. Furthermore, field experimentation would
be needed to determine the effectiveness of these
P-precipitates fertilizers for many types of soils and
cropping systems in future studies.
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The outcome of improper electronic waste management is an environmental and
epidemiological catastrophe; therefore, its management has become crucial given the
increase in e-waste generation. Global e-waste output eclipsed 52 million metric tonnes
in 2020, growing at 3% per annum. The United Nations Sustainable Development Goal
number 12 highlights that only 20% of the generated e-waste was properly recycled, with the
remainder indiscriminately disposed of. There has been considerable growth in publications
on e-waste and the environment over the past few decades. This study provides an overview
of the research landscape on the impact of e-waste on the environment using bibliometric
analysis. VOSviewer software is used to visualise the current trends and the recent hotspots.
It is observed that the research hotspots in the field are: soil, health, environmental impact,
recovery, electronic equipment, and waste electrical and electronic equipment. By tracing
the evolutionary research pathway, it is clear that the research hotspots have shifted focus
to e-waste generation, laser-induced breakdown spectroscopy, and circular economy. A total
of 141 articles on e-waste and the environment published between 2003 and 2021 were
selected for the study. The publication and citation analysis showed a steady increase in
publications and citations. China dominates with a third of articles published by authors,
followed by India and the United States. Developing countries contributed about 17% of total
publications. The articles retrieved were cited 5290 times and had an h-index of 39. Finally,
using network analysis techniques, four key themes are identified. The first theme relates to
the strategies employed in recovering minerals from e-waste. The second theme focuses on
the concentration levels of the heavy minerals found in e-waste. The third theme visualises the
impact of e-waste on health, and finally, the fourth theme highlights the effects of e-waste on
the environment. The study adds valuable insights to the body of literature in hazardous and
toxic substances management. No studies were found chronicling the environmental effects
of e-waste using bibliometric analysis. In light of the Sustainable Development Goals, further
research needs to be undertaken, and these findings serve as a baseline for policymakers and
scholars as more management strategies and policies are enacted.
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The fourth industrial revolution (4IR),
urbanisation,andadvancesininformationtechnology
have radically transformed humanity in the past
few decades. Information and communication
technologies (ICTs) have permeated every aspect
of human life, promoting and maintaining a higher
standard of living, and have become the foundation
for health, education, transport, security, and
energy operations. Although this development has
been transformational, irresponsible management
of technological resources has raised environmental
guandaries. Balancing technological advancements
and environmental sustainability remains a challenge
for current and future generations (Maphosa, 2021).
The United Nation’s Sustainable Development Goals
(SDGs) foster sustainable economic, social and
environmental development across the globe. The
SDGs provide a framework for solving problems
affecting humanity and the environment (Akon-
Yamga, 2021). Rapid industrialisation and product
innovations, population boom, shorter product
lifespans and consumer demand and cheaper ICT
products contribute to the growth of the electrical
and electronic equipment (EEE) product market (Lin
et al., 2022). However, most of these developments
do not promote environmental sustainability by
lowering environmental degradation and reducing
global warming (Sztumski, 2014). Computing
activities contribute to global warming through
carbon emissions released during the manufacture,
use and recycling of the resultant e-waste
through the release of harmful chemicals into the
environment (Perkins et al., 2014).

State of the art of e-waste management

The past decades have witnessed increased
adoption of EEE; once this equipment is obsolete or
unusable, it constitutes electronic waste (e-waste).
E-waste is the fastest-growing solid waste stream
at about 5% per annum (Amankwah-Amoah,
2016). Globally, e-waste output will rise to over
52.2 million metric tonnes in 2020, causing an
environmental crisis (Baldé et al., 2017). Only 17.4%
of e-waste was collected and recycled, with 82.6%
of the e-waste illegally exported to developing
countries (Forti et al., 2020). Developing countries
have become an accessible channel for e-waste
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dumping. High unemployment rates have created
employment opportunities where pervasive and
informal processing is prominent in recovering rare
earth minerals, but this is done at the expense of the
environment and public health (Sthiannopkao and
Wong, 2013). Although Africa is the largest recipient
of e-waste, the International Telecommunications
Union reports that only 0.1% of e-waste is formally
recycled in Africa and has targeted a global
collection and recycling rate of 30% by 2023 (Forti et
al., 2020). In most informal recycling areas, children
are at risk due to exposure to Pb and PAHs, resulting
in inflamed vascular endothelial (Zheng et al., 2019).

Barriers to e-waste management

The manufacture of EEE is complex, with over
1000 substances used, including precious minerals
such as platinum, palladium, gold, and copper,
together with toxic elements such as lead, mercury,
cadmium, arsenic, and many others (Maphosa and
Maphosa, 2020). Deubzer et al. (2019) contended
that it was challenging to manage e-waste. Some
components had over 69 chemical elements
composed of valuable and hazardous elements,
which require complex processes and recycling
technologies to recover the precious minerals.
Over 50 tons of mercury were contained in
e-waste produced in 2019, with brominated flame
retardants accounting for 71-kilo tons, detrimental
to the environment and human health if improperly
handled (Sabra et al., 2017). Developing countries
lack the finances and infrastructure to set up
formal e-waste processing. Informal management
is unlicensed and unregulated, where individuals
use primitive and rudimentary techniques such as
burning, leaching, and heating, which negatively
affect the environment and public health (Pathak et
al., 2019). Aimin et al. (2011) reported that pregnant
women and children dwelling around e-waste
dumpsites suffered perturbations of the fetus
and neurodevelopment challenges. The precious
materials found in e-waste are ten times purer than
minerals found in mines, therefore, putting pressure
on the environment through informal recycling (Vi
and Matthew, 2014). Ardolino et al. (2021) report
adverse environmental and public health outcomes
in most developing countries, where e-waste is
exported and improperly treated and managed.



E-waste recycling methods

Methods used to recycle and recover rare metals
from e-waste should protect the environment
and human health. E-waste recycling is highly
informal in developing countries (Maphosa and
Maphosa, 2020), with scholars estimating that 90%
of recycling activities use rudimentary methods
such as stones, hammers, and chisels to separate
components (Pathak et al., 2019). Cyanide has been
used to extract gold from e-waste for centuries. Its
use has been prohibited in many countries due to
poisoning and contamination of the environment
resulting in human and animal fatalities (Ghasem
and Khoramnejadian, 2015). Material smelting has
been used to recycle printed circuit boards, and the
method has been condemned for being primitive
and polluting the environment (Ye et al., 2021).
Hydrometallurgical techniques are used in recycling
using leaching, purification, and electrowinning.
This process uses many leaching reagents and is
only applied to a few minerals, while the leachates
contain heavy metals which are detrimental to the
environment and human health (Wang and Xu,
2014). Recycling enterprises in developed countries
have perfected e-waste recycling technologies using
mechanical crushing, magnetic separation, and eddy
current separation and have reached high levels of
efficiency (Abdul et al., 2014).

Movement of e-waste into developing countries

The United Nations (UN) SDG 12 specifically
addresses e-waste management and highlights
that only 22.9% of global e-waste is recycled, while
the rest is improperly disposed of, affecting the
environment (UN, 2021). Once labelled the dark
continent, Africa has witnessed unprecedented
growth in its cyberspace, leading to increased socio-
economic development and sustained economic
growth. Cheaper telecommunications equipment,
computers, and mobile phones are being assembled
and refurbished for low-income countries to
bridge the digital divide and promote inclusive
development (Chitotombe, 2013). Over 80% of the
e-waste produced by developed countries is illegally
exported to Africa, where primitive techniques are
used to recover precious materials, thus harming the
environment and public health (Grant et al., 2013).
The demand for cheaper second-hand EEE is high in
developing countries, and many communities survive

by scavenging the resultant e-waste (Omobowale,
2013). Thus, most e-waste flows to the global south
are illegal and disguised as genuine efforts to bridge
the digital divide (Lambrechts, 2016). In a Kenyan
study earlier, Mureithi and Waema (2008) reported
that about 75% of second-hand EEE was exported
illegally in the pretence that it was usable and
repairable; beneficiaries such as schools reported
that over 60% of the donated EEE was unusable and
beyond repair. To manage e-waste without harming
the environment and human health is costly.
Therefore, in most developing countries, e-waste
is indiscriminately disposed of, thereby posing a
hazard to the environment.

E-waste management policies

Most of the global e-waste is produced by
developed countries, which often view developing
countries as an outlet for cheaper disposal due to the
unavailability of environmental policies. Globally,
71% of the countries have crafted national e-waste
policies for collection and management, although
the majority still experience inefficient management
due to lack of investment and partnerships, lack of
compliance, and no harmonisation across countries
(Lundgren, 2012). In 2019, only 13 African countries
had an e-waste policy, legislation, or regulation
(Avis, 2021). Thus, over 80% of the African countries
do not have formal e-waste collection and recycling
systems, and e-waste is mixed with municipal
waste and dumped in landfills where informal
workers salvage valuable materials through burning
(Ongondo et al., 2011). Lack of e-waste policies,
laws, and legislation in most developing countries
results in low awareness among those in the value
chain from manufacturers to recyclers (Nwagwu and
Okuneye, 2016). This remains the greatest threat to
managing e-waste (Mutsau et al., 2015).

Aim of the study

The study is motivated by Kiddee et al. (2013),
who highlighted that the scientific community was
concerned with the unsafe handling of e-waste in
developing countries, threatening the environment.
There is evidence of growth in studies focusing on
e-waste, focussing on different aspects of e-waste.
As early as 2014, Premalatha et al. (2014) opined
that the e-waste problem was increasing at a much
faster rate than the proposed solutions to contain
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it. A study by Hossain et al. (2015) showed that
global e-waste management practices could prolong
SDG achievement. Zeng and Li (2016) proposed a
recyclability map that can serve as a guideline for
establishing a feasible funding system for e-waste
management. E-waste is a growing global concern,
and a significant amount of e-waste is being added to
the global waste inventory every year (Kumar et al.,
2017). Ikhlayel (2018) suggested implementing an
integrated e-waste management system to prevent
improper e-waste management in developing
countries. Li and Xu (2019) compared supercritical
fluid technology with traditional methods such
as hydrometallurgy and pyrometallurgy. They
found that supercritical fluid technology could
recover valuable materials and remove hazardous
components without secondary pollution. An
aspect of e-waste management that has received
attention is legislation. Patil and Ramakrishna (2020)
compared different e-waste legislation enacted and
proposed a generic e-waste management model for
countries worldwide. The lack of proper technologies
makes it difficult for many developing countries to
formalise e-waste recycling (Rautela et al., 2021).
A few bibliometric studies on e-waste have been
conducted. A study by Andrade et al. (2019) sought
to assess recent research trends using the keyword
e-waste from studies published between 1998 and
2018. Another study by Zhang et al. (2019) depicted
the trends and features of WEEE-related studies.
Gao et al. (2019) explored e-waste’s status quo, hot
topics, and future prospects. A study by Singh et
al. (2021) provided an overview of e-waste and the
circular economy using articles published between
2008 and 2020. The last study explored focus areas
on e-waste and ascertained Brazil’s ranking globally
(de Albuquerque et al., 2021). This study aims to
use bibliometric indicators to review global research
on e-waste and its effects on the environment
in the past decade, compare publication trends
over the years, and highlight the contributions of
developing countries on e-waste research. This
study is different from the studies discussed above
in that it provides a bibliometric and visualisation of
research on e-waste and its environmental impact in
the past decade. The study explores the publication
distribution by geography, journals, and citation
trends. The study also assessed the frequency of
keywords and H-index analysis and used bibliometric
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mapping tools to demonstrate developments in
e-waste research covering environmental issues.
No bibliometric studies published using the Web
of Science database focusing on e-waste and
the environment were found. This study aims to
analyse and assess global research on e-waste and
the environment, realising that issues to do with
environmental sustainability are very urgent and
topical. This study, therefore, provides a baseline for
policymakers and researchers to plan and research
on e-waste and climate change. This study was
carried out between December 2021 and February
2022.

The Web of Science database is one of the
largest databases generally used for bibliometric
analysis. One database is preferred when conducting
bibliometric studies, as mapping indicators across
several databases may be challenging (Sweileh,
2021). Accurate analysis of bibliometric studies
is guaranteed by developing a comprehensive
search query. The search query was identified and
developed after conducting a literature review and
identifying gaps in research covering e-waste and the
environment. In December 2021 —January 2022, the
Web of Science database was searched in the four
indexes - Science Citation Index Expanded, Social
Sciences Citation Index, Arts and Humanities Citation
Index, and the Emerging Sources Citation Index.
Multiple searches with multiple keywords search
strings were used with the Boolean operators “AND”
and “OR” to obtain relevant documents. The first
search string retrieved articles related to climate, the
environment, and sustainability. The search string Tl
= (“climate” OR “climate change” OR “environment”
OR “sustainability” yielded 667 616 articles. The
second search string Tl = (“e-waste” OR “electronic
waste” OR “electrical and electronic equipment” OR
“EEE” yielded 2336 articles. The two search queries
Were then combined to obtain articles appearing in
both queries, and there were 166 articles. Articles
published in 2022 were excluded, resulting in an
exclusion of two publications leaving 164 articles.
Filtered the papers by document types led to the
exclusion of editorial materials, meeting abstracts,
book reviews, corrections, letters, and news items,
leaving 141 articles. The bibliometric analysis uses
statistics and procedures to visually express general
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and dynamic patterns found in scientific publications
(Ho, 2007). The Web of Science’s database
functionality to analyse search results were used to
analyse results. The bibliometric data for analysis
in text and excel file formats were exported. The
text and excel data were imported to VOSViewer
(van Eck and Waltman, 2010) to create the keyword
occurrence network and density visualisation maps
(Schulz and Schumann, 2006).

Publications and Citation Trends

Fig. 1 plots the publications and citation trends.
The first article on e-waste and environment-related
research was published in 2003. Between 2003 and
2013, less than ten were published per year. More
authors started to research this field, leading to a
steady increase in publications. The years 2016 to
2021 recorded more than ten publications except
for 2019. In terms of citations, there were low
citations between 2003 and 2009, with less than
100 citations per year. 2011 to 2020 saw citations
in the hundreds between 113 in 2011 and 811 in
2020. The year 2021 saw more than 1000 citations.
The last three years saw astronomical growth in
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citations, with 2019 having 790, 2020 having 811
and 2021 having 1049.

Table 1 shows the top 15 cited research articles
in the field of e-waste and the environment. As
shown, the study “E-waste: An assessment of global
production and environmental impacts” published
in 2009 is the most cited with 937 citations. This
is followed by the article “Potential environmental
and human health impacts of rechargeable lithium
batteries in electronic waste” published in 2013
with 214 citations and the article “Electrical and
electronic waste: a global environmental problem”
published in 2007 with 174 citations. Thus, the top
15 cited articles have been cited more than 100
times.

Distribution of articles by journal

The 141 articles analysed were published in 76
journals. Of these, 53 (69.7%) journals had a single
publication each, 13 had two. The top ten journals
published just over 40 (43.9%), as shown in Table
2. The journal with the most significant number of
publications is the “Journal of Cleaner Production”,
with 11 publications. This is followed by “Science of
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Table 1: Top 15 cited articles

No. Article Year Count Reference
1 E-waste: An assessment of global production and environmental impacts 2009 937 (Robinson, 2009)
) F.‘ot.ential environrnental ancf human health impacts of rechargeable 2013 214 (Kang et al., 2013)
lithium batteries in electronic waste
3 Electrical and electronic waste: a global environmental problem 2007 174 (Babu et al., 2007)
Does WEEE recycling make sense from an environmental perspective?
4 The environmental impacts of the Swiss take-back and recycling systems 2005 170 (Hischier et al., 2005)
for waste electrical and electronic equipment (WEEE)
5 Willingness t.o engageina pro—fenvironmental behavior: an analysis of e- 2012 168 (saphores et al., 2012)
waste recycling based on a national survey of U.S. households
6 Env.ironmental pollution of electronic waste recycling in India: a critical 2016 151 (Awasthi et al., 2016)
review
Sustainability in electrical and electronic equipment closed-loop supply (Georgiadis and Besiou,
7 ) ) 2008 147
chains: a system dynamics approach 2008)
3 Environrpental impact gnd human e.xposure to PCBs in Guiyu, an 2009 136 (Xing et al., 2009)
electronic waste recycling site in China
Environmental impacts of the Swiss collection and recovery systems for .
9 waste electrical and electronic equipment (WEEE): a follow-up 2011 134 (Wager et al., 2011)
10 Toward sustainability f.or recovery of critical metals from electronic 2017 132 (Sun et al,, 2017)
waste: the hydrochemistry processes
1 Enviro.nment.a! «.effe.cts of heavy metals fierivgd from the e-waste 2014 128 (Song and Li, 2014)
recycling activities in China: a systematic review
12 Electronic waste - an emerging threat to the environment of urban India 2014 118 (Needhidasan et al., 2014)
Flame retardant emission from e-waste recycling operation in northern
13 Vietnam: environmental occurrence of emerging organophosphorus 2015 115 (Matsukami et al., 2015)
esters used as alternatives for PBDEs
E-waste recycling induced polybrominated diphenyl ethers,
14 polychlorinated biphenyls, polychlorinated dibenzo-p-dioxins and 2007 108 (Liu et al., 2008)
dibenzo-furans pollution in the ambient environment
An analysis of some environmental consequences of European electrical (Barba-Gutiérrez et al.,
15 ) ) 2008 102
and electronic waste regulation 2008)
Table 2: Top 10 journals
No. Journal Count Percentage
1 Journal of Cleaner Production 11 7.8
2 Science of the Total Environment 10 7.1
3 Resources Conservation and Recycling 8 5.7
4 Environmental Science and Pollution Research 7 5
5 Waste Management 7 5
6 Environmental Science Technology 6 4.3
7 Environment International 4 2.8
8 Chemosphere 3 2.1
9 Environmental Pollution 3 2.1
10 International Journal of Environmental Research and Public Health 3 2.1

the Total Environment” with ten articles and then
the “Resources Conservation and Recycling” with
eight publications.

Geographical distribution of articles

Researchers from 48 countries authored the
141 articles analysed. Table 3 shows publications by
country. As shown, China dominates with a third of
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articles published by authors in the country, followed
by India with 19 articles (13.5%) and then the United
States with 18 articles (12.8%). Developing countries
contributed about 17% of total publications. Ghana
and Pakistan are leading developing countries,
contributing 3.5% of the research, while Nigeria,
Bangladesh, Algeria contributed 1.7% each. Morocco,
Benin, Iran and South Africa contributed 0.7% each.



Table 3: Geographical distribution of articles

No Country Count Percentage
1 China 47 33.3
2 India 19 13.5
3 USA 18 12.8
4 Brazil 7 5.0
5 Italy 7 5.0
6 Japan 7 5.0
7 Australia 6 4.3
8 Canada 5 35
9 Ghana 5 3.5
10 Pakistan 5 35
11 Belgium 4 2.8
12 England 4 2.8
13 South Korea 4 2.8
14 Switzerland 4 2.8
15 Thailand 4 2.8
16 Germany 3 2.1
17 Greece 3 2.1
18 Netherlands 3 2.1
19 Portugal 3 2.1
20 Spain 3 2.1
21 Turkey 3 2.1
22 Vietnam 3 21
23 Algeria 2 1.4
24 Bangladesh 2 1.4
25 Denmark 2 1.4
26 France 2 1.4
27 Israel 2 1.4
28 Malaysia 2 1.4
29 Mexico 2 14
30 Nigeria 2 1.4
31 Norway 2 1.4
32 Romania 2 1.4
33 Saudi Arabia 2 1.4
34 Serbia 2 1.4
35 Sweden 2 1.4
36 Benin 1 0.7
37 Estonia 1 0.7
38 Iran 1 0.7
39 Ireland 1 0.7
40 Lithuania 1 0.7
41 Luxembourg 1 0.7
42 Morocco 1 0.7
43 New Zealand 1 0.7
44 Poland 1 0.7
45 Singapore 1 0.7
46 South Africa 1 0.7
47 Taiwan 1 0.7
48 United Arab Emirates 1 0.7
The citation and h-index analysis articles were cited in 110 countries, with four records
The number of citations is the main factor to not containing data in the field being analysed. The
reflect the quality of a paper (Tahamtanetal., 2016). retrieved research studies have an h-index of 39.

According to the analysis of the data from Web of = The h-index of 39 means that of the 141 research
Science, all articles were cited 5290 times. These articles, 39 have received 39 citations. Based on
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Table 4: Top 10 most occurring keywords

No. Keyword Occurrence Link Total link strength
1 Level 74 74 1085
2 Health 62 68 745
3 Soil 61 51 1274
4 Concentration 59 45 1353
5 Electronic equipment 57 57 872
6 Site 53 59 986
7 Sample 52 55 1120
8 Material 50 61 716
9 Area 48 64 742
10 System 45 61 644

the results of the citation report applied in the
Web of Science database, the citation performance
is summarised in the following indicators: citing
articles — 4048; citing articles — 3959 (without self-
citations); times cited — 5513; times cited — 5290
(without self-citations); and H-index — 39.

The keywords analysis of research hotspots

Analysis of e-waste and the environment
research based on the frequency of the keywords
used in the title and abstracts of the articles can
achieve a conceptual image of the content of these
studies and reflect research hotspots. A total of 4358
co-occurrence keywords were extracted from 141
articles. The minimum occurrence of each keyword
was set to nine times, and 126 co-occurrence
keywords were finally presented. The top three
keywords ranked by the number of occurrences were
as follows: level (n = 74), health (n = 68), and soil
(n = 61). Table 4 shows the top ten most occurring
keywords, links, and the total link strength. The link
strength between two nodes refers to the frequency
of co-occurrence. It can be used as a quantitative
index to depict the relationship between two nodes
(Pinto et al., 2014).

Network visualisation graph

For each of the 126 keywords, VOSviewer
calculated a relevance score and selected the 76
(60%) most relevant keywords that were mapped
into four clusters representing four research themes.
Fig. 2 shows the keyword co-occurrence network
map. The distance between two nodes reflects their
associative strength. A shorter distance generally
reveals a more substantial relationship. The line
between two keywords represents that they have
appeared together. Nodes with a similar colour
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belong to the same cluster (Wiendartun et al.,
2022). Cluster 1 (red) is the largest cluster related
to e-waste recycling, policies, strategies, technology,
and environmental impact. Cluster 2 (green) shows
the concentration levels of heavy metals and other
chemicals in soil, water, plants and humans in the
areas or region studied. Cluster 3 (blue) depicts
the effect of e-waste management practices on
health. Keywords include health, product, e-waste
management, and information. The yellow cluster
is the smallest, showing the level of knowledge on
the generation of e-waste and its impact on the
environment. The red cluster relates to e-waste
recycling, policies, strategies, technology, and
environmental impact.

Developed countries have the infrastructure
and equipment to recycle electrical and electronic
waste (WEEE) to recover valuable materials in an
environmentally friendly manner (Maphosa and
Maphosa, 2020). Developing countries lack policies,
infrastructure and systems to recover precious
materials, repair for reuse, and improper disposal
of electronic equipment has a detrimental effect
on the environment (Lebbie et al., 2021). The green
cluster shows the concentration levels of heavy
metals and other chemicals in soil, water, plants
and humans in the areas or regions studied. Studies
reveal that a large area of farmland in China is
contaminated with heavy metals such as pahs and
phosphodiesterase (PDE) from e-waste recycling
initiatives, thus reducing arable land, which has
enormous consequences on sustainability (Wang et
al., 2020). Soil samples around e-waste dumpsites
in Ghana have high levels of heavy metals,
sometimes 50 times higher than the World Health
Organisations’ (WHO) threshold levels (Asante et
al., 2011). Crops and plants around dumpsites and
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landfills are contaminated and toxic to humans and
animals (Kiddee et al., 2013). The blue cluster depicts
the effect of e-waste management practices on
health. Keywords include health, product, e-waste
management, and information. The Agbogoloshie
in Ghana is the largest landfill in Africa (Feldt et al.,
2014). Informal workers lack information on e-waste
management and use rudimentary methods to
extract rare earth metals through leaching, which
causes health challenges (Huang et al., 2014). The
yellow cluster shows the level of knowledge on
the generation of e-waste and its impact on the
environment. The lack of e-waste policies, laws and
legislation in most developing countries affects the
awareness and knowledge levels of the community
(Mutsau et al., 2015). VOSviewer can make density
visualisation (Fig. 3). Each node in the keyword’s
density visualisation map has a colour that relies on
the density of items at that node. In other words,
the colour of a node depends on the number of
items in the node’s neighbourhood.

The keywords in the red colour area appear
more frequently; on the contrary, the keywords
in the green colour area appear less frequently.
From Fig. 3, we can see the core keywords in the
e-waste and the environment field. These are: ‘soil’,
‘sample’, ‘health’, ‘environmental impact’, ‘material’,
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Fig. 3: Keywords density visualisation map

‘recovery’, ‘electronic equipment and ‘WEEE’. In
emerging economies, e-waste is collected together
with municipal waste. Careless disposal and non-
separation from solid waste lead to environmental
pollution through illegal dumping and the recovery
of precious minerals through rudimentary methods,
polluting the air, soil, and water bodies (Kayes, 2019).
Studies show that soils around e-waste dumpsites
have high levels of toxic minerals such as lead,
chromium, and cadmium. In some instances, these
were 50 times higher than the permissible exposure
levels set by WHO (Asante et al., 2011). E-waste
plants in Nigeria and China recorded high levels of
lead, copper, manganese, cadmium in plants and
the soils (Alabi et al., 2012). Exposure to cadmium
pollution during pregnancy may be a risk factor
for shortened placental telomere length known
to be related to cancer development and ageing
(Lin et al., 2013). The overlay network of keyword
co-occurrence visualisation analysis is widely
accepted to identify research hotspots (Chen, 2004).
VOSviewer software was used to generate an overlay
visualisation network of keyword co-occurrence to
explore the changes of research hotspots over the
last ten years. Fig. 4 shows the keywords overlay
visualisation map. The results indicated that
the keywords “LIBS” (laser-induced breakdown
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spectroscopy) and “circular economy” emerged in
2021. LIBS is a tool for industrial process control
that can be used to control the copper leaching
process (Garcia et al., 2021). Besides e-waste, LIBS
also analyses soil, rocks, sediments, waters, landfill
leachates, lubricating oils, and aerosols (Gongalves
et al., 2021). A circular economy is an approach
that avoids waste through the design of optimised
cycles of products, components, and materials
(Ellen MacArthur Foundation, 2013). More recently,
the circular economy concept has been applied to
e-waste. As a solution to the e-waste problem, a
circular economy is an urban mining procedure of
recovering and classifying mineral material (Xavier
et al.,, 2021). Gautam et al. (2021) explored how
the disposal of solar photovoltaic e-waste could
contribute to the circular economy in India. Islam
et al. (2021) suggest a consumer-centric circular
economy framework to advance knowledge and
implementation strategies around e-waste.

The UN reported that e-waste recycling activities
generated over USD 62.5 billion annually and
reiterated the need to establish a circular economy
based on e-waste management (I1ISD, 2019). Industry
experts predict that e-waste revenue will surpass
USD143 billion by 2028 (Allied Research Market,
2021). About 7% of the world’s gold is contained
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in e-waste; low recycling rates have seen up to
USD 22 billion worth of gold and platinum being
dumped yearly (Globenewswire, 2018). Europe
leads with about 40 collection and recycling rates,
while less than 1% of e-waste generated in Africa
is recycled (Forti et al., 2020). China is currently
recycling 30% of its generated e-waste (Chen et al.,
2019). Another study revealed that less than 1% of
e-waste produced in Brazil was recycled in line with
environmental and public health considerations
(Caiado et al., 2017). Proper recycling can reduce
the release of greenhouse gas emissions, and the
recovery of precious and rare earth metals from
e-waste minimises the demand for pure minerals
(Foelster et al., 2016). Although informal e-waste
recycling has created many jobs for the informal
sector, rudimentary methods used to recover
precious minerals are a threat to the environment
and the health of the surrounding communities. The
number of people dependent on e-waste activities
continues to grow, and in 2010 over 200,000
people’s livelihoods were supported by e-waste
activities in Ghana (Prakash et al., 2010). Annual
income from e-waste activities in Ghana is estimated
to be USD268 million (Oteng-Ababio et al., 2014).
The government of Ghana has organised seminars
and workshops for the public to raise awareness of



the environmental and health impact of e-waste
(Daum et al.,, 2017). Based on the economic
potential, e-waste management must be prioritised
against other financial needs. The keywords such
as “water”, “soil”, “health”, “sediment”, and “level”
frequently appeared in the last six years, indicating
that the impact of e-waste on the soil, water, and
environment will continue to be researched hotspots
in the near future. This is in line with findings of
a study by Ackah (2017) that the major transport
pathways in the e-waste recycling environment
were: dust, air, water, soil, and biota. E-waste is
dumped in landfills in most developing countries
where informal workers attempt to recover precious
materials using subsistence tools (Yohannessen et
al., 2019). Thus, hazardous chemicals contaminate
water bodies, soils, and ozone-depleting gases
are released into the atmosphere, contributing
to climate change. Rare earth metals such as gold
and copper, and other valuable materials are
salvaged through burning and acid leaching, causing
environmental damage and affecting the health
of those living in the vicinity (Sun et al., 2017,
Tsydenova and Bengtsson, 2011). Informal workers
in the e-waste value chain are often illiterate and
cannot comprehend the environmental and health
risks associated with their practices in recovering
valuable materials (Singh et al., 2020). An earlier
study by Harayama and Rekacewicz (2004) revealed
that only 50% of the computer components were
recyclable. The remaining 505 contained about
2kg of lead and other harmful materials, often
dumped in landfills. About 20% of the farmland
in China is contaminated with polycyclic aromatic
hydrocarbons (pahs) from e-waste recycling
initiatives, thus reducing arable land, which has
enormous consequences on sustainability (Sun
et al., 2018). Lakes, rivers and other water bodies
in Guiyu, China, are contaminated with high lead
levels due to indiscriminate burning and leaching of
e-waste during the recovery of precious minerals (Li
et al., 2011). During recycling, released chemicals
contaminate the dust, soils and water sources near
dumpsites affecting the plants and fruits (Daum et
al., 2017). In a study in Japan, it was observed that
rice and wheat irrigated with water from the Jinstu
river were contaminated with cadmium and caused
about 150 human deaths (Generowicz and Iwanejko,
2017). Research revealed that soils around informal
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e-waste recycling sites in Nigeria had high levels
of zinc, nickel, chromium and cadmium compared
to other sites (Isimekhai et al., 2017). A study
conducted in Ghana revealed that water bodies
near dumpsites were contaminated as informal
workers used leaching of acid to extract rare earth
metals such as gold and copper from e-waste (Tue et
al., 2019). Thus toxic fumes, ashes, slag and harmful
chemicals are released into the environment.
E-waste recycling has contaminated large portions of
underground water around landfills and dumpsites
in Nigeria, making it unsuitable for human and
animal consumption (Ewuim et al., 2014;) explained
that plants and crops are close to dumpsites are
contaminated and are toxic to humans and animals.
The UN’s SDG 12 notes the rising e-waste problem
and specifically addresses e-waste management. It
highlights a recycling rate of 22.9%, while close to
80% of e-waste is unaccounted for and improperly
disposed of, thereby polluting the environment
(Ohajinwa et al., 2017). Over 1000 substances are
used in the manufacture of electronic equipment.
These include precious minerals such as platinum,
palladium, gold and copper, and toxic elements such
as lead, mercury, cadmium, arsenic, etc. E-waste
recycling is a lucrative industry; over USD 62.5 billion
is realised annually, and over USD 22 billion worth of
gold and platinum is dumped yearly. About 40% of
e-waste generated in Europe is recycled, while less
than 1% generated in Africa is recycled.

Looking forward

E-waste recycling is a lucrative industry; over
USD 62.5 billion is realised annually, and over USD
22 billion worth of gold and platinum is dumped
yearly. There is a need to establish a circular
economy for the management of e-waste from the
collection, separation, and recycling of e-waste.
E-waste management will be improved by raising
awareness of socio-economic and environmental
benefits such as repairing, reusing, remanufacturing,
and reducing. Funding is required to set up
infrastructure that improves e-waste recycling and
harnessing technology for e-waste management
(Ellen Macarthur Foundation, 2021).

E-waste has become an environmental and
epidemiological crisis requiring consented effort to



protect the environment from improper disposal.
Many emerging economies do not have e-waste
policies to protect the environment and public
health. Less than 20% of African countries have an
e-waste policy, legislation or regulation. In most
developing countries, e-waste is collected together
with municipal waste. Its management is informal,
and workers with no environmental awareness use
rudimentary tools to recover precious materials
and release toxic elements that contaminate water
bodies, the soils, and the release of ozone-depleting
gases. Countries such as China, Nigeria and Ghana
revealed that up to 20% of farmland and grazing
land is polluted due to e-waste recycling. Lakes,
rivers and other water bodies near landfills and
dumpsites are contaminated, affecting marine life
and plants. Human fatalities are reported from
consuming plants and aquatic animals near landfills
and dumpsites. Bibliometric analysis and review
of the environmental impact of e-waste were
conducted. No studies were found chronicling the
environmental effects of e-waste using bibliometric
analysis. This study aims to provide a comprehensive
insight into e-waste and the environment through
bibliometric and network analysis. From the initial
667 661 articles, 141 articles on e-waste and the
environment published between 2003 and 2021
were selected for the study. The results show
considerable growth in publications on e-waste and
the environment. The number of articles published
increased from one in 2003 to 25 in 2021, and
citations rose from zero to 1049. This study highlights
publication trends, citation trends, and articles’
distribution by journals and geography. A third of
the articles were published by Chinese authors,
followed by India 13.5% and the United States with
12.8%. Developing countries contributed about 17%
of the publications. It is observed that the research
hotspots in the field are: soil, health, environmental
impact, recovery, electronic equipment and waste
electrical and electronic equipment. By tracing the
evolutionary research pathway, it is clear that the
research hotspots have shifted focus to e-waste
generation, laser-induced breakdown spectroscopy,
and circular economy. The red cluster from the
density maps shows the strategies employed in
recovering minerals from e-waste. The green cluster
shows the concentration levels of the heavy minerals
found in e-waste. The blue cluster visualises the
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impact of e-waste on health, and finally, the yellow
cluster highlights the effects of e-waste on the
environment. The study adds valuable insights to the
body of literature in hazardous and toxic substances
management. Scholars from developing countries
are being encouraged to contribute more research
as their countries are affected by the environmental
impact of improper e-waste management. The
knowledge gained from this research serves as a
baseline for policymakers and scholars as more
policies need to be enacted, and further research
needs to be undertaken in light of the sustainable
development goals (SDGs).
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